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ABSTRACT
Wu, Linmin Ph.D., Purdue University, May 2018. Multiscale Microstructure Modeling and Design of Electrochemomechanics in Lithium-Ion Batteries. Major Professors: Jing Zhang and Steven Son, School of Mechanical Engineering.
This thesis investigates the electro-chemo-mechanics behavior of electrodes in
lithium ion batteries. One of the critical challenges in advanced lithium ion batteries
is preventing fracture and mechanical failure of electrodes during lithium insertion
and deinsertion. The large volume expansion, phase transition, and the associated
Li diﬀusion induced stresses within electrode materials can lead to their fracture and
failure.
Numerical simulations have the potentials for design optimization of lithium ion
batteries. For traditional Newman’s model, it is limited by the assumption that the
electrodes are constructed with uniformly distributed spherical particles of equal size.
To consider the inﬂuence of real microstrucutural eﬀects, a 3D microstructure resolved
model has been developed. The developed model considers the electrochemical reactions, Li transport in electrodes and electrolyte, lithiation induced volume change,
mechanical strains and stresses, and the electro-chemo-mechanical coupling.
Important parameters such as Young’s modulus were investigated by ab initio
tensile tests. The Young’s modulus and ultimate strength of Lix CoO2 under various
lithium ion concentration were calculated. The observed Li concentration dependent mechanical properties and anisotropy are due to the changes of the Co-O bond
strength during Li intercalation. The Young’s modulus and ultimate strength of
Lix CoO2 have a linear relationship with both the Li concentration and the charge
transfer. The obtained concentration dependent expressions was used as input to the
continuum model.

xv
The model was used to study the diﬀusion and mechanics behaviors in polycrystalline microstructures with varying grain size, grain boundaries and crystallographic
orientations. It is found that the chemical diﬀusion coeﬃcients increase with increasing grain orientation angle and decrease with the decrease of the grain boundary
diﬀusivity. For small grain boundary diﬀusivity, the stress increases with increasing
grain orientation angle. In contrast, for large grain boundary diﬀusivity, the stress decreases with increasing grain orientation angle due to reduced concentration gradients
in grain boundary regions.
The developed model was also applied to study the diﬀusion induced stress in
realistic microstructures reconstructed from FIB-SEM and CT. By simulating discharge processes, the results show that microstructure has a signiﬁcant inﬂuence on
the lithium ion diﬀusion and voltage response. The polarization was studied to explain the signiﬁcant voltage drop at high C rate. It is obtained that the activation
overpotential is the major contribution to the total polarization, and it is about 4-5
times larger than the concentration polarization. It is obtained that the stress generation inside lithium ion battery is highly dependent on microstructure. The maximum
stress is more likely to occur at concave regions rather than convex regions. The
study shows the maximum stresses in the concave region can be 32% larger than the
convex region.
The model was extended to study the phase separation and stress generation. Th
extended model can track the phase boundary implicitly and can be used in complex
geometries. Compared with the elliptical and spherical particles, the stress in phaseseparating LiFePO4 reconstructed from nano-CT is about 1.4 times higher.
In summary, a multi-scale multi-physics microstructure based model was developed to evaluate the electro-chemo-mechanics in lithium ion batteries. The model
can provide a computational tool for battery materials design.
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1. INTRODUCTION
1.1

Lithium ion battery
Batteries are devices that convert chemical energy contained in its active materi-

als directly into electric energy by means of an electrochemical reduction/oxidation
reaction [1]. Depending on the rechargeability, batteries fall into two diﬀerent systems: primary and secondary batteries. The former can only convert the chemical
energy into electricity once. The secondary batteries, also known as rechargeable
batteries, are designed for repeated discharges and charges, thus requiring reversible
electrochemical reactions. Among all commercialized secondary battery chemistries,
lithium ion battery excels all other candidates due to its high energy density, as shown
in Figure 1.1. Due to the light weight and compact volume of lithium ion battery, it
becomes a favorable energy storage device for the application of portable electronics,
power tools and hybrid/full electric vehicles [2–4].

Figure 1.1. Comparison of volumetric and gravimetric energy density
for various battery chemistries [5].
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A lithium ion battery consists of several electrochemical cells, connected in series
or parallel, or both, to achieve the desired output voltage and capacity. A typical
lithium ion battery cell is shown in Figure 1.2 [6]. A lithium ion battery cell is
composed of current collector, cathode, anode, electrolyte and separator.

Figure 1.2. Schematic of a lithium ion battery being charged [6].

The cathode must act as a source of Li, thus requiring use of air-stable Li-based
intercalation compounds to facilitate the cell assembly [5]. The common cathode
materials can be lithium transition metal oxides such as LiCoO2 , LiMnO2 , LiNiO2 [7].
The crystal structure of these materials has α-NaFeO2 type structure. Because of the
compact crystal lattice, the α-NaFeO2 type of structure has an inherent advantage in
energy stored per unit volume.
Graphite is one of the most common anode material. Because of its relatively
high speciﬁc capacity, small irreversible capacity, and good cycle ability [8]. Various
kinds of carbonaceous materials, from crystalline to strongly disordered carbon, have
been examined as anodes in Li-ion battery [9].
An electrolyte contains ions and releases cations and anions by electrolysis. The
electrolyte acts as a good ionic conductor. The cations and anions move towards
cathode and anode respectively, thus conducting current. There are two types of
electrolyte: liquid electrolyte and solid electrolyte. The liquid electrolyte is a mixture
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of lithium salt and organic solvent. In spite of its high ionic conductivity, it may
experience some safety problems, because of the formation of dendrites, exfoliation
or degradation, in particular of the anode, with a large irreversible capacity loss [10].
Solid electrolyte is potentially safer than the liquid electrolyte, while it has a relatively
lower ionic conductivity [11].
The cathode and anode materials in conventional lithium ion batteries operate by
inserting or extracting lithium ions into and from the host [12]. Ordering of lithium
and vacancies has a signiﬁcant eﬀect on the physical and electrochemical properties of
the host materials [13]. The movement of ions is driven by the thermodynamic force.
To explain the working principle, a lithium ion battery cell with a graphite anode
and a LiMO2 cathode (M represents transition metal) is illustrated. During charge,
lithium ions dissolve into the electrolyte on the cathode via the oxidation reaction,
LiMO2 → xLi+ + xe− + Li1−x MO2

(1.1)

Electrons will ﬂow through the current collectors to the external circuit, while lithium
ions migrate in the electrolyte and arrive at the anode through the separator. At the
anode, lithium ions insert into the graphite particles via the reduction reaction,
xLi+ + xe− + 6C6 → Lix C6

(1.2)

An exactly reverse reaction occurs during the discharge process. During the whole
process, charge balance is maintained in the battery through the movements of ions
and electrons.

1.2

Physics inside lithium ion battery

1.2.1

Electrochemistry

Electrochemistry phenomenon inside lithium ion battery is very complicated.
There are several models proposed to predict the behavior of lithium ion battery during operations. The models can be classiﬁed into two categories, including equivalent
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circuit models [14, 15] and electrochemical models. The core beneﬁt of equivalent
circuit models is the simplicity. However, they have no immediate electrochemical meaning. The electrochemical models, especially the Newman’s model or 1D
model, is based on the theories of porous electrodes [16, 17] and concentrated solutions [18, 19]. It can capture the electrochemical reaction dynamics and predict the
batteries behavior under any type of operating conditions. Under the theories of
porous electrodes and concentrated solutions, Newman’s model describes the solid
phase diﬀusion within the particles, the diﬀusion in the electrolyte, the balance of the
solid phase potential and the electrolyte potential occurring in lithium ion batteries.
The details of Newman’s model are given in in the following. The solid phase is
denoted as phase 1 and the electrolyte phase is denoted as phase 2.

Mass transport
The active materials in cathode and anode are considered to be spherical particles.
Lithium ions concentration c1 inside solid spherical particles follows the Fick’s second
law,
∂c1
D1 ∂ 2 ∂c1
= 2
(r
)
∂t
r ∂r
∂r

(1.3)

where c1 is lithium ions concentration in solid phase; D1 is diﬀusion coeﬃcient; r is
the spherical coordinate inside the particles.
At the particle surface, the lithium ion ﬂux N1 is related to the local charge
transfer current density jn ,
N1 = −

jn
3F

(1.4)

where F is Faraday constant.
Based on concentrated solution theory, the mass transport in electrolyte can be
described as,
2

∂c2
∂ 2 c2 1 − t+
= D2ef f 2 +
Sjn
∂x
F
∂t

(1.5)
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where 2 is electrolyte volume fraction; c2 is lithium ion concentration; t+ is cation
transference number. the eﬀective diﬀusion coeﬃcient in electrolyte D2ef f has the
relationship with electrolyte volume fraction,
D2ef f = Brugg
D2
2

(1.6)

where Brugg is a constant and can be determined by experimental measurement
[20, 21]. S is speciﬁc surface area which is deﬁned as the ratio of surface area to
volume. The second term on the right hand side of equation 1.5 describe the eﬀect
of lithium ion concentration change near the solid-electrolyte interface.

Charge transport
The charge transport in cathode and anode obeys Ohm’s law,
r · (−k1 rφ1 ) = i1

(1.7)

where φ1 is the electronic potential in solid phase; k1 is electronic conductivity; i1 is
current density inside the particle.
For charge balance in the electrolyte, the governing equation is given as,
r · (−k2ef f rφ2 +

∂lnf2
2k2ef f RT
(1 +
)(1 − t+ )rc2 ) = Sjn
∂lnc2
F c2

(1.8)

where φ1 is the potential in the electrolyte, R is gas constant, T is temperature and
f2 is mean molar activity coeﬃcient which is a function of lithium ion concentration.
k2ef f is the eﬀective conductivity in the electrolyte. Similar as previous, the eﬀective
conductivity is a related with the electrolyte volume fraction,
k2ef f = Brugg
k2
2

(1.9)

where k2 is the conductivity in the electrolyte. The second term on the left hand side
of the equation 1.8 describes the inﬂuence of lithium ion concentration on conduction.
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Reaction kinetics
The chemical kinetics at the particle-electrolyte interface is described by the
Butler-Volmer relationship:
jn = j0 exp[

αF
(1 − α)F
i0
η] − exp[ −
η]
RT
F
RT

(1.10)

where j0 is the exchange current density; α is the cathodic charge transfer coeﬃcient;
η is deﬁned as overpotential at the solid-electrolyte interface.
The exchanged current density is deﬁned as follows:
j0 = F k0 (c2 )1−α (cθ )1−α (c1,surf )α

(1.11)

where k0 is the reaction rate; c1,surf is the concentration of lithium ions on the surface
of solid electrode; cθ is the concentration of available vacant sites on the surface of
solid particles.
The overpotential is given by:
η = φ1 − φ2 − U

(1.12)

where U is the open circuit potential at the interface.

1.2.2

Mechanics

The electrochemical process in a rechargeable lithium ion battery depends on a Li
intercalation and deintercalation reaction. One of the consequences of the reaction is
the volume expansion and contraction of the electrode materials. The intercalation
stress arises due to the Li concentration gradient inside an active electrode particle.
The total strain i,j of the active particles contains the mechanical strain me
i,j and
the diﬀusion induced strain dis
i,j . The diﬀusion induced strain is formulated by the
thermal analogy [22, 23]. The constitutive equation describing the stress and strain
is given by:
dis
ij = me
i,j + i,j =

1
c̃Ω
[ (1 + ν)σij − νσkk δij ] +
δij
E
3

(1.13)
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where E is Youngs modulus; ν is Poissons ratio; σij is stress tensor; c̃ is the concentration diﬀerence of lithium ions from the original value; Ω is the partial molar
volume.
The stress components obey mechanical equilibrium:
σij,j = 0

(1.14)

On the other hand, stress will also inﬂuence the diﬀusion process in active materials since the pressure will have eﬀects on chemical potential. Hence, the diﬀusion
process in active material can be modiﬁed as,
D1 Ωc1
∂c1
+ r · (−D1 rc1 +
rσh ) = 0
∂t
RT

(1.15)

where σh is the hydrostatic stress,
σh =

(σ11 + σ22 + σ33 )
3

(1.16)

where σij is the stress component in the stress tensor.

1.3

Fracture and failure of electrode material
One of the critical challenges in advanced lithium ion batteries is preventing frac-

ture and mechanical failure of electrodes during lithium insertion and deinsertion.
The large volume expansion, phase transition, and the associated Li diﬀusion-induced
stresses within electrode materials can lead to their fracture and failure. Such mechanical degradation is a signiﬁcant mechanism that over charge/discharge cycles can
cause the capacity of a battery to fade [24]. A previous TEM study showed that 20%
of the LiCoO2 particles were indeed fractured after 50 cycles at 0.2C between 2.5 and
4.35 V [25], the damaged LiCoO2 particle is shown in Figure 1.3(a). Similar results
has been found in LiFePO4 particle after 60 cycles [26] (see Figure 1.3(b)). For Si
electrode, due to its large lattice mismatch before and after lithiation, severe crack
patterns has been observed by experiments [27, 28] (Figure 1.3 (c) and (d)).
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(a)

(b)

(c)

(d)

Figure 1.3. (a) Cracks in LiCoO2 particle after 50 cycles [25]. (b)
Cracks in LiFePO4 particle after 60 cycles [26]. (c) Cracks in Si particle after ﬁrst few cycles [27]. (d) Cracks in Si ﬁlm [28].

Cracking can cause the particle to become electrically isolated from the conducting network. If this happens, the particle will no longer be able to conduct ions and
electrons. Therefore, the capacity of the battery will be reduced. Recently, it has
been shown that cracking in active materials can create additional areas where solidelectrolyte interface layers can form [29]. With the growth of the solid-electrolyte
interface layer, it will consume lithium ions and create an inactive layer on the particle, which will reduce the area for lithium intercalation. All of the above mentioned
reasons can reduce the capacity of the lithium ion battery. Therefore, understand-
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ing the stress generation in lithium ion batteries is an important step in designing
batteries with long life cycles.

1.4

Problem statement
In lithium ion batteries, the intercalation induced stress can arise in addition to

the mechanical stress. It is a unique problem in lithium ion batteries [30–32]. The
electrochemical process in a rechargeable Li-ion battery depends on a Li intercalation
and deintercalation reactions. One of the consequences of the reactions is the volume
expansion and contraction of the electrode materials. The intercalation stress arises
due to the Li concentration gradient inside an active electrode particle.
In the present time, a general experimental technique to monitor the average
global stress generation in the battery is to measure the curvature of battery disk [33].
But, the local stress state and amplitude are unknown. It lacks eﬃcient experiment
technique to monitor the local stress generation during the ongoing electrochemical
reactions. Hence, it is necessary to have an understanding of the local diﬀusion and
stress state using the simulation tools. To our best knowledge, the 3D simulation of
the stress generation in the polycrystalline microstructure is very limited.
Moreover, several numerical studies have been focused on the stress generation
and failure of a particle based model [34–36, 36, 37]. However, many of these studies
using single sphere particle model, and diﬀusion kinetics and electrochemical processes are simpliﬁed greatly. In fact, the intercalation induced stress is not limited
to the individual particles, it may also be inﬂuenced by the surrounding materials.
There are some attempts to simulate the diﬀusion induced stress in porous intercalation electrode [23, 38]. Their works are based on Newman’s 1D model. Although
the geometry and diﬀusion kinetics have been improved in these works, some important features can not be captured using homogeneous microstructures, such as the
diﬀusion kinetics at high C rates and the geometry eﬀect on stress. Thus, a realistic
microstructure based model to study the stress generation needs to be developed.
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Stresses caused by phase separation inside the electrode materials can be detrimental to electrode particles. Phase separation can cause volume changes to the
structure, leading to structure instability. Huang [39] and Renganathan et al. [23]
developed models to simulate the stress inside phase separation electrode including
moving phase boundary. However, they used moving boundary method to track the
phase boundary explicitly. This method can only be applied to simple geometry and
not robust in complex particle shapes. Therefore, a method used to model multiphase
microstructure evolution without tracking the phase boundary explicitly and robust
in complex geometries needs to be developed.
In numerical models, an important issue is lacking of the reliable material properties. As shown in Section 1.2, to study the electro-chemo-mechanics inside battery,
the structural properties and mechanical properties of active materials are needed
as input. These properties are lithium ion concentration dependent. However, these
studies are rare. For example, the studies of the mechanical properties of LiCoO2 are
rare. Most of the experiment results are in macroscale, which show isotropic behavior.
However, in the nanoscale or microscale, LiCoO2 shows a strong anisotropy. Thus, a
systematic study of the material properties using ab initio approach for mechanical
properties and structural properties needs to be performed.
In this thesis, a multi-scale and multi-physics model will be developed. The relationship between diﬀerent scales and diﬀerent physics is described in Figure 1.4. In
nano-scale, ﬁrst principles calculations will be performed to study material properties including structural properties and mechanical properties. The obtained material
properties, including Young’s modulus, Poisson’s ratio and partial molar volume, combined with the microstructure will be fed into the electro-chemo-mechanics model. In
microscale, a ﬁnite element method will be used to simulate the stress generation in
lithium ion batteries.
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Figure 1.4. The structure of studying the stress generation.

1.5

Research objectives
The goal of this research is to develop a multi-scale multi-physics microstruc-

ture based model to evaluate the electro-chemo-mechanics in Li ion batteries, thus
providing a computational tool for battery materials design.
With the goal and problem statement above, three objectives need to be fulﬁlled:
1. Systematically study the mechanical and structural properties of the single crystal using ab initio method, to provide reliable materials data, which are not
easily available from experiments, as the input parameters for the continuum
model.
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2. Develop a 3D microstructure based continuum model to calculate diﬀusion and
stress. Most of the researches are focused on 1D or 2D models. 3D model is
very limited.
3. Extend the developed model to study the multiphase evolution and stress generation in lithium ion batteries.

1.6

Thesis outline
This thesis is organized as follows.
In Chapter 1, the background of lithium ion battery, literature reviews, problem

statement and research objectives are presented.
In Chapter 2, the mechanical properties of Lix CoO2 under various Li concentrations and associated anisotropy will be systematically studied using the ﬁrst principles
method. Young’s modulus, bulk modulus, shear modulus, and toughness will be obtained by simulating ab initio tensile tests.
Chapter 3 will discuss the diﬀusion and mechanics behaviors in polycrystalline
microstructures with varying grain size, grain boundaries and crystallographic orientations.
Chapter 4 will investigate the diﬀusion induced stress of LiCoO2 half cell with a
realistic 3D microstructure reconstructed from FIB-SEM.
Chapter 5 will elaborate the electrochemical and stress behaviors of realisitc NMC
electrode reconstructed from nano-CT and discuss the inﬂuence of phase transitions
of overdischarged NMC on stress.
Chapter 6 will discuss the extension of developed electro-chemo-mechanics model.
The developed model can track the phase moving boundaries in complex geometries.The stress generation in phase separating electrodes will be studied.
Chapter 7 will present the application of neutron imaging technique in determining
lithium ion concentration in NMC cathode.
Final conclusions and proposed future work will be given in Chapter 7.
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2. AB INITIO STUDY OF ANISOTROPIC MECHANICAL PROPERTIES OF
LITHIUM COBALT OXIDE DURING LITHIUM INTERCALATION AND
DEINTERCALATION PROCESS
2.1

Introduction
Eﬃcient and durable energy storage is one of the major factors limiting the de-

velopment of renewable energy. Since lithium-ion batteries were ﬁrst commercialized
by Sony in 1991, they have played a signiﬁcant role in energy storage devices. One
of the popular cathode materials in lithium-ion (Li-ion) batteries is lithium cobalt
oxide (LiCoO2 ) developed by Goodenough and Mizushima in 1980s [40]. Due to its
excellent electrochemical properties of LiCoO2 , it becomes one of the most widely
used cathode materials in lithium-ion batteries [41].
A critical challenge in advanced lithium-ion batteries is preventing fracture and
mechanical failure of electrodes during lithium intercalation and deintercalation processes. Large volume expansion, phase transition, and associated Li diﬀusion-induced
stresses within electrode materials can lead to their fracture and failure, which result
in battery capacity loss and power fade. For LiCoO2 , it is found that capacity faded
about 2.2% and 6.5% for exchange of 0.5 Li per CoO2 after 10 and 50 charge-discharge
cycles and accompanied with a decrease of Co-O bond length using X-ray absorption
spectroscopy [42]. Swallow et al. [43] found LiCoO2 fractured after charged at 1/1000
C for 50 hours. Thus it is important to understand the mechanical properties of
LiCoO2 during lithium intercalation and deintercalation processes.
There are several works on investigating the mechanical properties of pure LiCoO2 .
Hart and Bates [44] calculated the elastic constants of LiCoO2 using atomistic empirical potential model. Their results estimated the Youngs modulus in the range of
315-516 GPa. Wang et al. [25] reported the bulk modulus of LiCoO2 149 ± 2 GPa
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using high-pressure synchrotron X-ray powder diﬀraction (XRD) experiments. They
also did density functional theory (DFT) calculations of bulk modulus of 168.5 and
142.9 GPa using the local density approximation (LDA) and generalized gradient approximation (GGA), respectively. Recently, Qi et al. [45] demonstrated the averaged
Youngs modulus of LiCoO2 with 264 GPa, and CoO2 with 98.5 GPa using a hybrid
functional (HSE06).
In terms of anisotropy, Diercks et al. [46] experimentally studied the anisotropic
mechanical behavior in cycled LiCoO2 . Nanoindentation was performed on individual
LiCoO2 particles. Fractures in these particles exhibited anisotropic behavior, which
was conﬁrmed by electron microscopy and diﬀraction examination indicating both
intra- and inter-granular fracture occurred on (001) planes.
Isotropic mechanical properties have been used in almost all of the Li-ion battery
models in literature without taking into account of Li content eﬀect on mechanical
properties. The reason is that these mechanical properties, such as Youngs modulus, elastic constants, bulk modulus, and shear modulus, are not completely available in literature, likely due to experimental challenges. Hence, theoretical study of
anisotropic and Li content dependent mechanical properties of single crystal Lix CoO2
is warranted.
In this chapter, anisotropic and Li concentration dependent mechanical properties
will be studied systematically. To our best knowledge, these properties have not been
reported in the literature. The chapter will be organized as follows: In Section 2.2, the
details of DFT calculation are given to describe the strategy of modeling Lix CoO2
under various Li concentrations. In Section 2.3, the elastic properties of Lix CoO2
under various Li concentrations are calculated using both energy strain approach and
stress strain approach. Bond order analysis [47], partial density of states (PDOS),
charge density diﬀerence, and Bader charge analysis are employed to investigate the
anisotropic and Li concentration dependent mechanical properties. A relationship to
estimate the Youngs modulus and ultimate strength of Lix CoO2 at various lithium
concentrations is proposed. Conclusion is given in Section 2.4.
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2.2

Computational details
The mechanical properties of Lix CoO2 are calculated using the DFT method [48,

49]. The exchange correlation energy and potential are described as GGA in the
scheme of Perdew Burke-Ernzerhof (PBE) [50, 51]. The projected augmented wave
(PAW) method [52, 53] is used, as implemented in the Vienna ab intio Simulation
Package (VASP) [54,55] and Cambridge Serial Total Energy Package (CASTEP) [56].
GGA functionals are selected because they are more reliable than LDA functionals for
predicting transition metal systems [57]. Because d orbital plays an important role
in coordinating for transition metals, the U (on-site coulomb term) value for Co-3d
is selected to be 4.91 eV according to the literature [58].
Lix CoO2 calculations are performed with a 2 × 2 × 1 supercell (see Figure 2.1).
For x = 0.5, 0.75, and 1, the Lix CoO2 conﬁgurations are chosen same as described
in Ref. [59]. The convergence tests of the total energy with respect to the k-points
sampling and cut-oﬀ energy have been carefully examined; these ensure that the total
energy is converged to within 10−5 eV per formula unit. The Monkhorst-Pack [60]
scheme 3 × 3 × 1 k-points mesh is used for the integration in the irreducible Brillouin
zone. Energy cut-oﬀ for the plane waves is chosen to be 500 eV. Before the calculation,
both the lattice parameters and the ionic positions are fully relaxed, and the ﬁnal
forces on all relaxed atoms are less than 0.005 eV/Å.
In principle, there are two ways of computing single crystal mechanical properties
from ab initio methods: the energy-strain approach and the stress-strain approach.
The energy-strain approach is based on the computed total energies of properly selected strained states of the crystal. The stress-strain approach, on the other hand,
relies on the feature of VASP to directly calculate the stress tensor. Both methods
will be used in this study.
For the energy-strain approach, elastic constants can be obtained by analyzing
energies under diﬀerent small strain patterns in VASP and CASTEP. A ﬁnite strain
amplitude is speciﬁed for each strain pattern. Once elastic constants are determined,
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(a)

(b)

Figure 2.1. (a) The 2 × 2 × 1 supercell of LiCoO2 . The unit cell is
the cell in the solid line. (b) unit cell of CoO2 . The green balls are
Li atoms. The red balls are oxygen atoms. The blue balls are cobalt
atoms.

Youngs modulus and Poissons ratio can be deduced. It is noted that the calculations
have an assumption of small elastic strain deformations.
To investigate the mechanical properties in large deformations until fracture, simulated tensile tests (stress-strain approach) are performed using the ﬁrst principles
method implemented in VASP. Strain increments are continuously applied to the cell
along tensile directions. For each strain, ions are allowed to be relaxed so that the
stress in other directions is minimized. Stress components can be directly obtained
from the simulation result ﬁles. Once the stress-strain curve is obtained, the Youngs
modulus along the direction of strain can be computed from the ﬁrst derivatives of
the stresses, and toughness can be calculated from the integral of the area below the
stress-strain curve.
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2.3

Results and discussion
A, c = 14.16 ˚
A, α =
The calculated LiCoO2 lattice parameters are a = b = 2.84 ˚

β = 90◦ , γ = 120◦ [61], with literature experimental data [62, 63] and computational
results [45, 64] included in Table 2.1. The optimized volume of our calculation is
generally in good agreement with the literature data and is slightly greater than
the experimental data [63]. Further delithiated phase calculations of Lix CoO2 are
based on the relaxed unit cell. For CoO2 , the relaxed CoO2 has the following lattice
˚ α = β = 90◦ , γ = 120◦ [61]. The volume of
A, c = 4.79 A,
parameters, a = b = 2.86 ˚
CoO2 is 33.93 Å3 , which is about 2.9% bigger than that of LiCoO2 . This indicates
a volume change during Li intercalation and deintercalation cycling.
Table 2.1. Lattice parameters and volume of LiCoO2

2.3.1

a & b (Å)

c (Å)

V (Å3 )

This work

2.84

14.16

32.96

Experiment [62, 63]

2.82

14.05

32.23

Xiong et al. [64] (GGA)

2.84

14.17

32.99

Qi et al. [45] (HSE06)

2.80

14.07

31.84

Li concentration dependent elastic properties

To calculate the Li concentration dependent elastic properties, the ground states
with the lowest energy conﬁguration of Lix CoO2 for x = 0.5, 0.75, and 1 are selected.
The initial conﬁgurations are chosen as described in Ref. [59] CoO2 is also used for
comparison. The reason of selecting these three conﬁgurations Lix CoO2 (x = 0.5,
0.75, and 1) is that there are phase transitions at low and medium Li concentrations
(x < 0.5). Reimers and Dahn [65] observed that Lix CoO2 transformed to a monoclinic
structure at 0.5 Li concentration using in situ X-ray diﬀraction measurement. Van
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der Ven et al. [66] established the phase diagram using the density functional theory calculations coupled with cluster expansion method. They conﬁrmed the phase
transitions occurred at low and medium lithium concentrations.
The calculated Li concentration dependent elastic properties using energy-strain
approach are listed in Table 2.2. For pure LiCoO2 , the Youngs modulus has the same
value along the X- and Y-axis directions due to the symmetry of the structure. In this
work, the X-Y plane is located in the plane composed by a and b crystallographic axes.
The Z axis is the c crystallographic axis. To calibrate the model, a comparison with
the results using CASTEP and literature data is conducted. As shown in Table 2.2,
the results obtained from CASTEP are slightly lower than those from VASP. This
may be caused by the diﬀerent algorithms implemented in two software packages.
For the Youngs modulus, Hart and Bates [44] applied the energy-strain approach to
calculate the elastic constants using GULP. The results were in the range of 315-516
GPa. The discrepancy may be caused by their atomistic empirical potentials. Qu et
al. [67] studied the Youngs moduli of polycrystalline LiCoO2 grains were measured
to be 151-236 GPa using nanoindentation experiment. Wang et al. [68] reported
the Youngs modulus of LiCoO2 powder was about 171 GPa obtained from highpressure synchrotron XRD experiments. Because the material used in this study is
a single crystal, it is reasonable to get a higher Youngs modulus than experiment.
Wang et al. [25] reported bulk modulus 168 GPa using the DFT calculations, and the
result is consistent with this study. With single crystal data, the elastic properties
of the polycrystalline can be approximately estimated by using the VoigtReussHill
homogenization scheme [69], and they are also included in Table 2.2.
Lithium concentration has a profound eﬀect on the elasstic properties of Lix CoO2 .
As shown in Table 2.2, LiCoO2 shows a very large increase of eﬀective Youngs modulus
compared with that of CoO2 , which is about 200% higher. This is mainly due to the
increase of Youngs modulus in Z direction. Without the Li ions, the layers of CoO2 are
weakly bonded by van der Waals forces [71]. With the increase of the Li concentration
(0.5 < x < 1), the Youngs moduli in X-axis direction increase from 270.97 GPa to
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Table 2.2. Elastic properties of Lix CoO2 for x = 0, 0.5, 0.75 and
1. Bulk modulus (B), shear modulus (G) and Youngs modulus (E)
are included. Subscripts H, R and V represents the results using the
Voigt-Reuss-Hill homogenization scheme [70].
VASP

CASTEP

CoO2

Li0.5 CoO2

Li0.75 CoO2

LiCoO2

CoO2

LiCoO2

EX (GPa)

261.38

270.97

275.51

321.05

242.62

290.06

EZ (GPa)

75.89

106.36

135.19

212.83

51.36

177.25

EV RH (GPa) 108.52

145.83

165.74

252.09

99.83

234.51

B (GPa)

68.69

100.65

110.35

166.74

58.67

123.67

BH (GPa)

96.87

113.74

119.25

171.95

71.87

129.26

BR (GPa)

68.69

100.65

110.35

166.75

58.67

123.17

BV (GPa)

125.05

127.34

128.15

177.16

95.07

135.34

GH (GPa)

41.71

58.63

65.34

111.38

31.66

86.68

GR (GPa)

18.95

43.72

55.30

96.01

9.85

82.25

GV (GPa)

64.46

72.96

74.89

104.75

53.47

91.10

321.05 GPa; meanwhile in Z-axis direction, the Youngs moduli increase from 106.36
GPa to 212.83 GPa. The bulk modulus, shear modulus share the same trend as the
Youngs modulus.

2.3.2

Anisotropy of Youngs modulus

It is noted that in Table 2.2, the Youngs moduli show diﬀerent values depending on
axis directions. The ratio of EX /EZ is deﬁned to describe the anisotropy of Lix CoO2 .
Using the data in Table 2.2, the anisotropy of Youngs modulus as a function of Li ion
concentration is plotted in Figure 2.2. Lix CoO2 shows a decreasing anisotropy with
the increase of Li concentration. This is due to the fact that during deintercalation
process or low Li concentration, Li ions leave the layered Lix CoO2 structure causing
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weak van der Waals bonds in Z-axis direction [71]. During intercalation process, on
the other hand, Li ions ﬁll the layered structure, producing a stronger bond in Z-axis
direction, thus reducing anisotropy. To verify the preceding statement, bond order
analysis [72–74] is employed to study the bonding between Li and CoO2 layer. The
results are listed in Table 2.3. The bond order of Li-CoO2 is 0, 0.37, 0.40, and 0.42
for CoO2 , Li0.5 CoO2 , Li0.75 CoO2 , and LiCoO2 , respectively. The increase of bond
order indicates the increasing bond strength in Z-axis direction with the insertion of
Li ions. Due to this anisotropy of Youngs modulus, the induced mechanical stresses
during intercalation and deintercalation processes will be oscillated.

Figure 2.2. Anisotropy of Youngs modulus in Lix CoO2 as a function
of Lithium concentration.

2.3.3

Stress-strain relation and toughness

Beyond elastic regions, it is also important to investigate large deformations. Experimentally, it is a daunting task to perform a tensile test on a brittle oxide material.
In this study, the simulated stress-strain curves of Lix CoO2 are calculated. From the
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Table 2.3. Bond orders in Li-CoO2
Bonde order
CoO2

0

Li0.5 CoO2

0.37

Li0.75 CoO2

0.40

LiCoO2

0.42

stress-strain curve, three important mechanical properties can be evaluated: Youngs
modulus, ultimate strength, and toughness.
The stress-strain curves of CoO2 , Li0.5 CoO2 , Li0.75 CoO2 , and LiCoO2 along Z- and
X-axis directions are shown in Figure 2.3 and Figure 2.4, respectively. Because of the
symmetry between X and Y axes, only the strain along the X axis is applied. The
slope of initial linear portion of the stress-strain curve represents the Youngs modulus,
which is shown in Table 2.4. The calculated Youngs moduli are consistent with the
results in Table 2.2, which conﬁrms the correctness of the data. The Youngs modulus
anisotropy Ex /Ez using the data in Table 2.4 is plotted in Figure 2.2. Clearly, the
two methods yield a very similar concentration dependent anisotropy. It is noted that
using energy strain approach may meet the numerical diﬃculties when computing the
second derivatives of the total energy with respect to the strain [75]. This can explain
why these two methods show slightly diﬀerent values. Besides, the ultimate strengths,
UTS, along X- and Z-axis directions increase with the increase of Li concentration,
as shown in Table 2.4.
To determine the brittleness or toughness of ceramic materials, Pugh criterion,
BH /GH , has been widely used [76], where BH and GH are the bulk and shear modulus
listed in Table 2.2, respectively. In Pugh criterion, if BH /GH ≥ 1.75, the material
is considered as ductile, while brittle behavior corresponds to BH /GH ≤ 1.75. The
brittle and ductile behavior of Lix CoO2 based on the Pughs criterion is shown in
Figure 2.5. Based on the Pughs criterion, LiCoO2 is brittle, while CoO2 , Li0.5 CoO2 ,
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Figure 2.3. Stress-strain curves of simulated tensile tests of CoO2 ,
Li0.5 CoO2 , Li0.75 CoO2 , and LiCoO2 along Z direction.

Table 2.4. Mechanical properties obtained from ab inito tensile test.
E is Youngs modulus. UTS is ultimate strength. GC is fracture
toughness. The subscripts X and Z represent the directions.
CoO2

Li0.5 CoO2

Li0.75 CoO2

LiCoO2

EX (GPa)

250.36

276.77

289.36

340.21

EZ (GPa)

86.67

104.73

113.33

173.91

UTSX (GPa)

30.08

34.20

38.24

44.15

UTSZ (GPa)

29.12

31.51

34.03

40.23

GCX (GPa)

4.78

5.77

6.16

7.15

GCZ (GPa)

7.19

8.51

9.40

11.22

and Li0.75 CoO2 are ductile. However, this creterion is based on elastic properties and
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Figure 2.4. Stress-strain curves of simulated tensile tests of CoO2 ,
Li0.5 CoO2 , Li0.75 CoO2 , and LiCoO2 along X direction.

is too rough to capture all details of large deformations. To characerize the ductility
and brittleness of Lix CoO2 , the simulated tensile tests data are used.

Figure 2.5. Pughs criterion, BH /GH , of Lix CoO2 .
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Using the simulated stress-strain curves shown in Figure 2.3 and Figure 2.4, it
is clear that LiCoO2 has the highest Youngs modulus, or highest stiﬀness in elastic
regions, which is a typical feature of brittle materials. It is also consistent with
the prediction using the Pughs criterion. However, when large deformations beyond
elastic deformation are considered, using calculated toughness, Gc , as the criterion,
single crytal LiCoO2 has the highest ductility among Lix CoO2 . The order of ductility
of Lix CoO2 is: LiCoO2 > Li0.75 CoO2 > Li0.5 CoO2 > CoO2 .
As mentioned in the preceding text, Pughs criterion uses elastic properties to
estimate the ductility of the material. The ductility, Gc , can be directly characterized
as the area under the stress-strain curve. Larger area means higher ductility. In
Figure 2.3 and Figure 2.4, the areas under the stress-strain curves increase with the
Li intercalation; this is in contradiction with the Pughs criterion. Thus Pughs theory
is not an accurate criterion describing Lix CoO2 .

2.3.4

Partial density of states, electron charge transfer, and bond strength

To explain the observed anisotropic lithium content dependent mechanical properties, the PDOS of unstrained Lix CoO2 are calculated as shown in Figure 2.6. Because
the strength of the interatomic bonding and the consequent mechanical response of
the materials to deformation are determined primarily by the occupied states just
below the Fermi level, the energy range 0-7.5 eV below the Fermi level is used for
analysis. It is noted that the contribution of Li to the density of states is very small
compared to the Co and O, so the PDOS of Li is not shown here. This result is
consistent with both the photo-emission spectroscopy and DFT study [77]. It can be
seen that in this range, the outermost d orbitals of the transition metal Co overlap
signiﬁcantly with the outermost p orbitals of the O, indicating a strong p-d hybridization. The highest occupied states in Lix CoO2 are dominated by Co 3d states between
1.5 eV and 0 eV. The PDOS ﬁgures show an asymmetry with the Li extraction,
which indicates the increasing magnetization. In stoichiometric LiCoO2 , Co is not
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magnetic because the average oxidation state of Co is Co3+ with 6 electrons occupying 3d orbital. Once Li ions are extracted, the average oxidation state of Co will
change, thus making Co become magnetic. This is consistent with the experimental
observation [78]. The energy region between 1.5 eV and 8 eV is dominated by O 2p
states for LiCoO2 and shows a stronger hybridization than Co 3d states. With the
decrease of x, the energetic overlap of O 2p states and the Co 3d states increases.
The changes of the p-d hybridization orbitals can be characterized by the center
of the d bands below the Fermi level, as expressed as [79],
R EF
Ed =

P DOS(E, d) × EdE
R EF
P DOS(E, d)dE
EL

EL

(2.1)

where Ed is the center of the d bands, the Fermi level EF is 0, EL is 7.5 eV to cover the
p-d hybridization region, PDOS(E,d) is the partial density of states projected onto
the d orbitals of the transition metal Co. The calculated Ed for Li0.5 CoO2 , Li0.75 CoO2 ,
and LiCoO2 are 1.98 eV, 2.02 eV, and 2.06 eV, respectively. The stronger the interatomic bond, the lower the Ed value [79]. Hence the center of the d bands below the
Fermi level provides the insight that LiCoO2 exhibits a higher Youngs modulus and
ulimate strength compared to the delithiated Lix CoO2 .
To visualize the hybridized electronic states between the transition metal Co and
O atoms, the electronic charge distributions are calculated. Figure 2.7 shows the
bonding charge density of Lix CoO2 . The bonding charge density is obtained as the
diﬀerence between the valence charge density of strainfree Lix CoO2 and the superposition of the valence charge density of the constituent atoms. A positive value (red)
indicates electron accumulation while a negative value (blue) denotes electron depletion. These bonding charge distributions clearly show the electron accumulation in
Lix CoO2 . The amount of charge localized in this region qualitatively indicates the
strength of the Co-O bond. It is obvious that during Li deintercalation, the charge
accumulation in the bonding regions become less, indicating a weaker Co-O bond,
lower Youngs modulus, and ultimate strength.
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To further understand the charge transfer quantitatively, the magnitude of the
charge transfer using Bader charge analysis is conducted [80]. As shown in Figure
2.8, the Youngs modulus and the ultimate strength along X and Z directions have
a linear relationship with both the Li concentration and the charge transfer. It is
obvious that the Youngs modulus increased with the larger amount of charge transfer.
The lithium concentration dependence and anisotropy conﬁrm the previous electron
density diﬀerence results and also the data in Table 2.2 and Table 2.4.
The relationship can be conveniently described by a linear relationship y = mΔQ+
n, where ΔQ is the charge transfer, y is the Youngs modulus or ultimate strength.
The coeﬃcient m and n are listed in Table 2.5. These expressions provide a convenient description of the mechanical properties of Lix CoO2 , during Li lithiation and
delithiation processes.
Table 2.5. Fitted value of y = mΔQ + n to describe the dependence
of Youngs modulus Ex and Ey , ultimate strength UTSX and UTSZ
on charge transfer ΔQ and lithium concentration in Figure 2.8.
m

2.4

n

EX (GPa)

96.74 116.19

EZ (GPa)

89.68

40.86

UTSX (GPa) 16.10

7.73

UTSZ (GPa)

11.80

12.21

Conclusion
In this chapter, the Li content dependent elastic properties have been systemati-

cally studied using the ﬁrst principles calculations. The conclusions are summarized
as follows:
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1. The elastic properties under various Li concentrations are computed, and the
results are conﬁrmed by simulated ab initio tensile tests.
2. With the increase of the Li concentration (0.5 < x < 1), the Youngs modulus in
X direction increased from 276.77 GPa to 340.21 GPa, meanwhile in Z direction,
the Youngs modulus increased from 104.73 GPa to 173.91 GPa.
3. With the increase of the Li concentration (0.5 < x < 1), the ultimate strength
along X and Z directions increased from 30 GPa to 44 GPa and from 28 GPa
to 39 GPa, respectively.
4. Strong anisotropy of mechanical properties between a-axis and c-axis in Lix CoO2
is identiﬁed at low lithium concentrations, and the anisotropy decreases with
increasing lithium concentration.
5. Pughs criterion is not suitable to describe the ductility of Lix CoO2 .
6. The observed Li concentration dependent mechanical properties and anisotropy
are due to the changes of the Co-O bond strength during Li intercalation. With
the increase of Li concentration, the charge accumulation in the bonding regions
increases, indicating a strong Co-O bond.
7. The Youngs modulus and ultimate strength of Lix CoO2 have a linear relationship with both the Li concentration and the charge transfer. This expression
can be used to estimate the Li concentration dependent mechanical properties
of Lix CoO2 .
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(a)

(b)

(c)

Figure 2.6.
Partial density of states (PDOS) of Lix CoO2 (a)
Li0.5 CoO2 , (b) Li0.75 CoO2 , (c) LiCoO2 .
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(a)

(b)

(c)

Figure 2.7. Charge density diﬀerence for Lix CoO2 . (a) Li0.5 CoO2 ,
(b) Li0.75 CoO2 , (c) LiCoO2 . The blue ball is cobalt atom. The red
ball is oxygen atom. The view is cut on (44, 21, 1) plane.
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(a)

(b)

Figure 2.8. Youngs modulus (a) and ultimate strength (b) as a
function of Li concentration and charge transfer of Lix CoO2 .
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3. PHASE FIELD BASED FINITE ELEMENT STUDY ON LI INTERCALATION
INDUCED STRESS IN POLYCRYSTALLINE LITHIUM COBALT OXIDE
3.1

Introduction
Layered Li transition-metal oxides are widely used as active materials for positive

electrodes in Li-ion rechargeable batteries [5], where intercalation of Li into metal
oxides is one of the most important phenomena that determines the performances of
the batteries. The Li diﬀusion-induced stresses within electrode materials can lead
to their fracture and failure which results in battery capacity loss and power fade.
For LiCoO2 , it is found that there exists the capacity fade about 2.2% and 6.5%
for exchange of 0.5 Li per CoO2 after 10 and 50 charge-discharge cycles, and the
decrease of Co-O bond length was observed by using X-ray absorption spectroscopy
[79]. A previous transmission electron microscopy (TEM) study showed that 20% of
the LiCoO2 particles were indeed fractured after 50 cycles at 0.2 C between 2.5 and
4.35 V [25]. Thus, it is important to understand the Li intercalation stress with in
the battery material.
In case of all solid state battery, recent experiment observation [81] has shown
that secondary particles contain numerous grain boundaries, implying the primary
particles are not completely isolated and most of the particles are not exposed to
the electrolyte directly. Thus, inter-granular diﬀusion between crystal grains plays a
signiﬁcant role in Li transport.
Many works have been done to understand how Li diﬀusion induced stresses can
be minimized to increase the mechanical stability of Li-ion batteries [22, 82, 83].
Verbrugge and Cheng [22] numerically analyzed the stress and strain energy of a
spherically-shaped electrode particle under a periodic voltage excitation source. They
evaluated the crack nucleation using strain energy density method. Woodford et
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al. [82] derived a failure criterion and modeled the crack propagation in Lix Mn2 O4
electrode particles under galvanostatic charging process. Zhao et al. [83] established
the criterion for fracture of Lix CoO2 particles using diﬀusion kinetics and fracture
mechanics. However, most of these works regarding Li transport simulations have
adopted some assumptions, such as the isotropic grain properties and the sphere particle geometry. Thus, actual reaction kinetics and diﬀusion processes were simpliﬁed
greatly, since the grain boundary and anisotropic diﬀusion processes were not taken
into account. Recently, Han et al. [84] studied the grain boundary eﬀect on Li eﬀective diﬀusivity and intercalation stress of LiMn2 O4 . In their model, grain orientation
was not considered, and each grain was simpliﬁed as Voronoi structure. Yamakawa et
al. [85] did a numerical study of the phase ﬁeld based Li diﬀusion in polycrystalline
LiCoO2 . However, their model was in two-dimension (2D), and Li intercalation stress
was not calculated. Hence, some important features have not be captured using these
models, especially in an inhomogeneous system. Thus, a microstructure based 3D Li
transport and intercalation-induced stress model is warranted.
The phase ﬁeld method is a promising technique [86] to describe the microstructural evolution on a mesoscale. The method has been applied to predict the evolution
of the grain size and grain orientation distribution of a given grain structure [87, 88].
It has also been used to simulate the anisotropic electrochemical strain microscopy
(ESM) response of polycrystalline LiCoO2 [89]. In this paper, the phase ﬁeld method
will be employed to simulate the evolution in polycrystalline LiCoO2 to generate a
series of 3D microstructures with diﬀerent grain sizes. Once the microstructures are
obtained, the apparent chemical diﬀusivity and Li intercalation-induced stress will be
studied based on the microstructures using ﬁnite element method.
This chapter will be organized as the following: (1) the microstructures of 3D
polycrystalline LiCoO2 with diﬀerent grain sizes will be generated using the phase
ﬁled method. (2) The dependence of chemical diﬀusion coeﬃcient on grain size, grain
crystallographic orientation, and grain boundary will be systematically investigated.
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(3) The eﬀect of grain size, grain crystallographic orientation, and grain boundary
eﬀects on Li intercalation-induced stress generation will be analyzed.

3.2

Methods of calculation

3.2.1

Polycrystalline LiCoO2 microstructure generation

In order to understand the relationship between the polycrystalline microstructures and Li diﬀusivity, four diﬀerent microstructures of polycrystalline LiCoO2 were
prepared using the phase ﬁeld method, as described in Refs. [86, 87]. The method
describes the ideal grain growth with isotropic grain boundary energy and mobility.
In the phase-ﬁeld model, the grain boundaries are considered as diﬀuse interfaces.
The state of a point in the polycrystalline system of Q grains is given by order
parameter φq (q = 1, 2, , . . . , Q), q is a grain’s name. The evolution equation of the
phase ﬁeld is given by Ref. [87],
∂φq
= Mφ [ 2 r2 φq − ω(1 − 2φq )]
∂t

(3.1)

where Mφ is the isotropic phase-ﬁeld mobility,  is the gradient energy coeﬃcient, and
ω is the height of parabolic potential with double obstacle.
The interface width 2ξ and grain boundary energy µ for a boundary between two
grains are given by Ref. [90],

2ξ = π √
2ω
π √
µ =  2ω
8

(3.2)
(3.3)

and Mφ has the relationship with the grain boundary energy µ, width 2ξ and mobility
m [91],
Mφ = µ

m
π2 m
=
16 ξ
2

(3.4)

In this study, ξ = 3, Mφ = 1, and µ = 1 are chosen [87]. Other details are given in
Ref. [87].
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The generated microstructures are shown in Figure 3.1. Each color represents a
diﬀerent grain crystallographic orientation. The volume of the simulated polycrystalline LiCoO2 is 12.8 × 12.8 × 12.8 µm3 . According to reference [84], the average
grain size of LiCoO2 is between 0.5 µm and 5 µm. The grain size of the generated
microstructures are 1.84 µm, 2.14 µm, 2.56 µm, and 2.7 µm, respectively, which is
in the range of the experimental observations. The grain boundaries are considered
as thin ﬁlms, which has a width of 10 nm. After the phase ﬁeld simulations, the
microstructures are converted to an STL geometry ﬁle and then processed for meshing. The generated mesh is then imported into COMSOL Multiphysics for further
simulations.

3.2.2

Li diﬀusion in polycrystalline LiCoO2

With the generated microstructures, the diﬀusion of Li ion in the polycrystalline
LiCoO2 is carried out. There are three assumptions for the diﬀusion model in this
study: (1) the diﬀusion obeys the Fick’s 2nd law in grain and grain boundary; (2) No
segregation eﬀect in grain boundary is considered, and (3) the diﬀusivity of Li ion in
grain boundary is smaller than that in the grain.
Due to the layered structure of LiCoO2 , the diﬀusion pathway of Li ions in LiCoO2
single crystal is in two-dimensional [92]. Li ion has much smaller diﬀusion barriers
along the a-b axis plane, while it is very hard for Li ions to go across the CoO6 along the
c axis. In order to take the diﬀusion anisotropy into account, an anisotropic diﬀusion
tensor need to be established. The relationship between the local coordinate system
of Li diﬀusion and the global coordinate system is shown in Figure 3.2. The governing
diﬀusion equation follows the Fick’s 2nd law:
∂c
= r · (−D0 rc)
∂t

(3.5)

where c is the concentration in mol/m3 , D0 is the anisotropic diﬀusion tensor. D0
can be written as,
[ D0 ] = [ Q] T [ D] [ Q]

(3.6)
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(a)

(b)

(c)

(d)

Figure 3.1. 3D polycrystalline LiCoO2 microstructures generated
using phase-ﬁeld method. Each color represents diﬀerent crystallographic grain orientation. (a) average grain size 1.84 µm; (b) average
grain size 2.14 µm; (c) average grain size 2.56 µm; and (d) average
grain size 2.7 µm.

where [ Q] is the rotation matrix based on the relationship between the local coordinate system of Li ion diﬀusion and the global coordinate system. e1 , e2 , and e3
represent the local coordinate system of Li ion diﬀusion. e10 , e02 , and e03 represent the
global coordinate system. The direction of Li ion transport is in −e01 . α and γ are
crystallographic orientation angles. The local coordinate system can be obtained by
ﬁrst rotating e03 axis angle 90◦ around e02 axis, then rotating angle γ around e03 axis.
In this case, 3D polycrystalline microstructures are used in the simulation. Thus, the
orientation angles can be determined by α and γ axes uniquely. When α and γ are
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both 90◦ , the diﬀusion along c axis is in perpendicular with the global Li transport
direction. [ D] is the diﬀusion tensor in the local coordinate system:
⎡
⎤
0
0
Dself
⎥
⎢
⎥
⎢
[ D] = ⎢ 0
⎥
Dself
0
⎦
⎣
0
0
Dself −caxis

(3.7)

where Dself is the diﬀusion coeﬃcient along the a-b axis plane, Dself −caxis is the
diﬀusion coeﬃcient along the c axis.

Figure 3.2. Schematics of relationship between the local coordinate
system of Li diﬀusion and the global coordinate system. e1 , e2 and
e3 represent the local coordinate system of Li diﬀusion. e01 , e02 , and
e03 represent the global coordinate system. α and γ are orientation
angles. The direction of Li transport is in −e01 .

The grain boundaries in this case are considered as 3D surfaces between two grains
without geometric thickness, and are described using the following equation:
Dgb
−
−→
n · Dgb =
(cu − cd )
dgb

(3.8)

where n is the normal orientation of the grain boundary, Dgb is the diﬀusion coeﬃcient
of the grain boundary, dgb is the width of the grain boundary, which is chosen as 10
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nm in this study according to ref. [84]. cu and cd represent the upper and lower
concentration of the grain boundary, respectively. Since there is no reliable data of
the diﬀusion coeﬃcient of Dgb , we express the Dgb using the following equation,
Dgb = βDself

(3.9)

where β is a positive constant (0 < β < 1). When β is one, the grain boundary Li
ion diﬀusivity is same as that in the grain. When β is less than one, the diﬀusivity
in grain boundary is less than that in the grain. In the inhomogeneous system with
randomly oriented grains and grain boundaries, the simulation can be performed by
solving equations 3.5 and 3.8 simultaneously.

3.2.3

Validation of Li ion diﬀusion model

In order to validate the diﬀusion model with experimental data, a 1D model is set
up to simulate the dynamic stress tests (DST) as described in Ref. [35]. In the model,
the cathode has a thickness of 1.6 µm. The electrolyte has a thickness of 7.5 µm.
The Butler Volmer equation is used to describe the reaction kinetics for electrodes,
as follows:
J=

αa F
i0
αc F
i0
(φ − UOCP )]
exp[
(φ − UOCP )] − exp[ −
F
RT
F
RT

(3.10)

where i0 is exchange current density, φ is the electrode potential, αa and αc are the
anodic and cathodic transfer coeﬃcient, respectively. F is the Faraday constant, R is
the gas constant. T is temperature. The open-circuit potential (OCP) of the cathode
material LiCoO2 UOCP is obtained by ﬁtting the OCP curve from Ref. [36].
The exchange current density i0 is given by
i0 = F k(cl )αa (cmax − cs )αa (cs )αc

(3.11)

where k is the kinetic rate constant of the electrochemical reaction, cs is the concentration of the lithium ion on the surface of LiCoO2 electrode, cmax is the maximum Li
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Table 3.1. Parameters used in the simulation.
k0 (cm5/2 mol−1/2 s−1 )

2.9 × 10−6 [85]

αa

0.5

αc

0.5

Dself (cm2 /s)

1 × 10−9 [93]

Dself −caxis (cm2 /s)

1 × 10−11 [85]

β

0.01 and 1

dgb (nm)

10

E(GP a)

See ref. [94]

ν

0.33

cmax (mol/m3 )

51555 [85]

Ω(m3 /mol)

3.497 × 10−6 [93]

in (A/m2 )

2

concentration in LiCoO2 , and cl is the concentration of lithium ion in the electrolyte.
The parameters are listed in Table 3.1.
The Li transport in the cathode obeyed the 2nd Fick’s law, and the Li transport
in the electrolyte is described by Nerst-Plank equation. Additional model details are
same as described in Ref. [95]. The applied current and the corresponding voltage
response are shown in Figure 3.3. Overall, the simulation result is in good agreement
with the experiment data in Ref. [35].

3.2.4

Finite element method calculation of diﬀusivity

After the model validation, the 3D simulations are performed using ﬁnite element
method. The polycrystalline LiCoO2 volume is 12.8 × 12.8 × 12.8 µm3 . The temperature is set 300 K. The boundary conditions of diﬀusion model are shown in Table
3.2. The initial Li ion concentration in the microstructures is ﬁxed at x = 0.6 in
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(a)

(b)

Figure 3.3. Simulated dynamic stress test. (a) applied current with
respect to time as the model input. (b) Simulated response of voltage
with respect to time, which is good agreement with experimental data
[35].

Lix CoO2 . The inﬂow Li ion concentration are ﬁxed at 0.61. The values of parameters
are listed in Table 3.1. Reﬁned meshes are employed near the grain boundaries to
describe the interface between the grain and grain boundary.
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Table 3.2. Boundary conditions.
(100) surface
Diﬀusion

c = const or in /F

(-100) surface Other surfaces
→
−
n · rc = 0
Periodic

Stress

Free

Fixed

Periodic

The chemical diﬀusion coeﬃcient can be evaluated using the following equation
[96],
Dapp = −

d(ln(dc/dt)) 4L2
dt
π2

(3.12)

where L is the diﬀusion length along x axis.
Once the temporal evolution of Li ion concentration is evaluated, the chemical
coeﬃcient can be obtained using Equation 3.12. With the time increase, the concentration increases from the initial concentration 0.6 to the inﬂow concentration 0.61
gradually. And the ln(dc/dt) becomes a straight line after t > L2 /Dapp .

3.2.5

Li intercalation-induced stress in polycrystalline LiCoO2

Experiment study [25] has showed the fracture of LiCoO2 particles during cycling,
so it is important to include the stress generation during the intercalation process.
During the intercalation process, the lattice constants change with the Li ion insertion
[97], leading to stress generation.
The intercalation-induced stress can be expressed in analogy with thermal stress,
and the modiﬁed Hooke’s law [98] is expressed as:
ij =

1
c̃Ω
[ (1 + ν)σij − νσkk δij ] +
δij
E
3

(3.13)

where  is strain, E is the Young’s modulus, ν is the Poisson’s ratio, σ is stress.
c = c − c0 is the concentration change from the initial stress free value. Ω is the
partial molar volume.
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Since the diﬀusion ﬂux can be inﬂuenced by temperature, concentration, and stress
ﬁeld [99], the governing diﬀusion equation has the following expression:
∂c
Ωc
rσh )]
= r · [ −D0 (rc −
∂t
RT

(3.14)

where c is the concentration, D0 is the diﬀusion coeﬃcient, Ω is the partial molar
volume, R is the gas constant, T is the absolute temperature and σh = (σ11 + σ22 +
σ33 )/3 is the hydrostatic stress. The boundary conditions of diﬀusion model are shown
in Table 3.2.

3.3

Results and discussion

3.3.1

Li diﬀusion in polycrystalline LiCoO2

Grain size and grain orientation eﬀect
The dependence of chemical diﬀusion coeﬃcient Dapp on grain size is investigated.
The grain crystallographic orientation angles (α and γ) are assigned to each grain
randomly using a random number generation algorithm. The mean values of grain
crystallographic orientation angles are given in Figure 3.4. In this study, the calculated chemical diﬀusion coeﬃcient Dapp is about in the range of 9.5 × 10−10 cm2 /s to
3 × 10−9 cm2 /s for β = 0.01, and 1.85 × 10−9 cm2 /s to 3.6 × 10−9 cm2 /s for β = 1.
Mizushima et al. reported the chemical diﬀusivity of Li ion is about 5 × 10−9 cm2 /s
from Li0.2 CoO2 to Li0.8 CoO2 using a transient experimental technique [100]. Jiang
et al. used potentiostatic intermittent titration technique (PITT) to measure the
chemical diﬀusion coeﬃcient which is about 9.5 × 10−10 cm2 /s [93]. Our simulation
results are consistent with the reported experimental results.
As shown in Figure 3.4, the chemical diﬀusion coeﬃcients increase with the grain
crystallographic orientation angles for both b values. At higher angles, the Li ion
diﬀusion direction is in alignment with the a-b axis plane, or the plane between
LiCoO2 layered structures where a high Li ion high diﬀusion occurs.
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(a)

(b)

Figure 3.4. Dependence of chemical diﬀusion coeﬃcient Dapp and
the orientation angles for four microstructures with diﬀerent grain
sizes. (a) β = 0.01. (b) β = 1. Dashed lines are guide to the eyes.

The chemical diﬀusion coeﬃcients of the domain also show grain size dependency
for given orientation angles. When the grain size is large, the chemical diﬀusion
coeﬃcient increases more with increasing orientation angle than small grains systems.
That implies the Dapp is strongly inﬂuenced by the orientation angles for large grains
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systems. In small grains systems, there are more grain boundaries and orientation
angles than large grains systems, leading to smaller deviation in the Dapp . In large
grain systems, there is no such a phenomenon. This can be also veriﬁed in Figure
3.5. For the grain sizes of 1.84 µm and 2.14 µm, the Li ion diﬀusion shows more
isotropic behavior than the grain sizes of 2.56 µm and 2.70 µm, since there is less
possibility for the systems of large grain size to compensate for the large diﬀerence of
the orientation angles.

(a)

(b)

(c)

(d)

Figure 3.5. Li ion concentration proﬁles (mole fraction x in Lix CoO2 )
in four Li ion diﬀusion microstructure models, at 50 s for β = 0.01.
(a) Grain size is 1.84 µm. (b) Grain size is 2.14 µm. (c) Grain size is
2.56 µm. (d) Grain size is 2.70 µm.
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Another important feature is that the chemical diﬀusion coeﬃcient has the trend
of increase with the increase of the grain size. As shown in Figure 3.4, the Dapp
increases as the mean value of the orientation angles increases from 30◦ to 90◦ . When
the mean of the orientation angles both reach 90◦ , the local diﬀusion pathway along c
axis is perpendicular to the global Li transport direction, resulting in a larger chemical
diﬀusion coeﬃcient.

Grain boundary eﬀect
When β = 1, the grain boundary has the same diﬀusivity as that in the grain.
When β = 0.01, grain boundary has a smaller diﬀusivity than that in the grain. As
shown in Figure 3.4, no matter how grain boundary diﬀusivity is varied, the chemical
diﬀusion coeﬃcients have the similar trend with respect to the various grain sizes and
diﬀerent orientation angles. At the same grain size and the same orientation angle,
the chemical diﬀusion coeﬃcient decreases with the decrease of the grain boundary
diﬀusivity, implying the grain boundary network blocks the migration of Li ions.
Overall, the chemical diﬀusivity of β = 1 is about 20% higher than the case of
β = 0.01, because the later has a lower diﬀusivity at grain boundaries which reduce
the overall chemical diﬀusion coeﬃcient.

3.3.2

Li ion intercalation-induced stress generation in polycrystalline LiCoO2

Grain size eﬀect
As shown in Figure 3.6, for both β = 0.01 and β = 1, the hydrostatic stresses
increase with the increase of grain size. Larger grain size means lower grain boundary
density, implying Li ions migrate much faster within large grain systems due to fewer
grain boundaries which reduce Li ion diﬀusion. This result can be veriﬁed by Figure 3.7, which shows the hydrostatic stress proﬁle for microstructures with diﬀerent
grain sizes. As shown in Figure 3.7, the stress increases with increasing grain size.
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Furthermore, larger grain size means higher energy release rate, implying failure is
more likely to occur in larger grains. This conclusion is in agreement with [83].

(a)

(b)

Figure 3.6. Dependence of the hydrostatic stress on various grain
sizes and diﬀerent orientation angles. (a) β = 0.01 (b) β = 1. Dashed
lines are guide to the eyes.
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(a)

(b)

(c)

(d)

Figure 3.7. Hydrostatic stress proﬁles for microstructures with different grain sizes. The proﬁle shown is a cut plane at z = 6.4 µm at
t = 50 s, β = 0.01, mean α = β = 45◦ . (a) Grain size is 1.84 µm.
(b) Grain size is 2.14 µm. (c) Grain size is 2.56 µm. (d) Grain size is
2.70 µm.

Grain orientation eﬀect
As orientation angles increase, for small grain boundary diﬀusivity (β = 0.01),
stress increases due to accumulation of Li ion concentration in grain boundary regions.
When the orientation angles reach 90◦ which is parallel to the global Li transport
direction, a larger amount of Li ions is blocked near the grain boundary regions,
leading to the maximum stress at a certain grain size. In contrast, for large grain
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boundary diﬀusivity (β = 1), stress decreases due to reduced concentration gradients
in grain boundary regions. When the orientation angles reach 90, Li ions can migrate
without the block of grain boundary, resulting in reduced stress.

Grain boundary eﬀect
As shown in Figure 3.6, grain boundary diﬀusivity (β) has opposite eﬀect on the
hydrostatic stress. As β = 0.01 or small grain boundary diﬀusivity, the stress increases
with increasing grain orientation angle, as shown in Figure 3.6(a). In contrast, as
β = 1, or large grain boundary diﬀusivity, the stress decreases with increasing grain
orientation angle.
At small grain boundary diﬀusivity (β = 0.01), Li ions accumulate or are blocked
near the grain boundary regions, leading to a large Li ion gradient. According to
equation 3.13, large stress is generated with large concentration gradients. At higher
grain orientation angles, the blocking eﬀect is stronger, causing a higher concentration
gradient, therefore, the stresses increase with increasing orientation angle. Moreover,
the stresses of β = 0.01 (Figure 3.6(a)) are higher than those with β = 1 (Figure
3.6(b)).
For β = 1, there is no distinction between the grain and grain boundary. The
grain boundary diﬀusivity is same as that of grain. At higher grain orientation angles,
Li ion are easy to diﬀuse through the microstructure, leading to a less concentration
gradient. Thus the stresses decrease with increasing orientation angle. This results
can be further proved by Figure 3.8. In Figure 3.8(a), β = 0.01 causes a slower Li ion
diﬀusion than β = 1, due to grain boundary blockage in β = 0.01. The Li ion proﬁle
of β = 0.01 has a larger concentration gradient, and consequently a lager stress than
that of β = 1, as shown in Figure 3.8(b).
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(a)

(b)

Figure 3.8. (a) Li ion concentration (mole fraction x in Lix CoO2 )
proﬁles; and (b) Hydrostatic stress proﬁles for 1.84 µm with diﬀerent
grain boundary diﬀusivities. The plane shown is a cut plane at z = 6.4
µm, t = 50 s, and orientation angle 30◦ .

Time-dependent von Mises stress, hydrostatic stress and shear stresses
The time history of averaged von Mises stress, hydrostatic stress and shear stresses
of the microstructure with grain size 2.70 µm, β = 1, and mean α = β = 45◦ is shown
in Figure 3.9. The stresses are averaged on the entire model. The shear stresses along
xz and xy directions are in a very small magnitude compared with the hydrostatic
stress. With the time increase, both the hydrostatic stress and shear stress along yz
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direction increase monotonically, which is in agreement with Ref. [34]. Additionally,
the magnitude of the hydrostatic stress is three times larger than the shear stress
along yz direction. Other grain size microstructures also follow the same trend. Our
simulations show that the magnitudes of von Mises stress and hydrostatic stress are
much higher than those of shear stresses. Therefore, hydrostatic stress is studied in
this work, however, von Mises stress can also be used in failure criteria.

Figure 3.9. Time history of averaged von Mises stresses, hydrostatic
stresses and shear stresses of the microstructure with average grain
size 2.70 µm, β = 1, and α = β = 45◦ .

3.4

Conclusion
In this study, the Li intercalation-induced stresses in LiCoO2 with realistic 3D

microstructures have been investigated using ﬁnite element method. The LiCoO2 microstructures with diﬀerent grain sizes have been generated using phase ﬁeld method.
The eﬀect of grain size, grain orientation and grain boundary on Li ion diﬀusion and
stress has been systematically studied. The conclusions are summarized as follows:
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1. The chemical diﬀusion coeﬃcient is about in the range of 9.5 × 10−10 cm2 /s to
3 × 10−9 cm2 /s for β = 0.01, and 1.85 × 10−9 cm2 /s to 3.6 × 10−9 cm2 /s for
β = 1. The results are consistent with the experimental data in literature.
2. The chemical diﬀusion coeﬃcients increase with increasing grain orientation
angle irrespective of grain boundary diﬀusivity, due to alignment of global Li ion
diﬀusion path with high grain orientations. For large grain system, the chemical
diﬀusion coeﬃcient increases more than those of small grain systems, because
dominant grain diﬀusion of large grain system at higher grain orientations.
3. The chemical diﬀusion coeﬃcients decrease with the decrease of the grain boundary diﬀusivity, due to blocking behavior of grain boundaries.
4. Grain boundary diﬀusivity has opposite eﬀect on the hydrostatic stress. As
β = 0.01 or small grain boundary diﬀusivity, the stress increases with increasing
grain orientation angle, due to grain boundary blockage of Li ion diﬀusion. In
contrast, as β = 1, or large grain boundary diﬀusivity, the stress decreases
with increasing grain orientation angle due to reduced concentration gradients
in grain boundary regions.
5. Stresses increase with the increase of grain size, due to more accumulation of Li
ion near the grain boundary regions in larger grain size systems, which causes
a larger concentration gradient. Failure is more likely to occur in large grain
systems.
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4. FINITE ELEMENT STUDY ON LI DIFFUSION INDUCED STRESS IN
FIB-SEM RECONSTRUCTED LITHIUM COBALT OXIDE HALF CELL
4.1

Introduction
Lithium ion rechargeable batteries (LIBs) have attracted many attentions since

they are desirable energy storage devices. Many studies have been carried out to
increase the performance and cycle life of LIB. Many concerns, such as thermal runaway [101–103], dendrites formation [104,105], and side reactions [24,106], have been
investigated to understand the capacity loss and failure mechanisms. Among these
concerns, one of the critical challenge of LIB is to prevent fracture and mechanical failure during lithium intercalation and deintercalation processes. Experiment observes
that 20% LiCoO2 particles fractured after 50 cycles under 0.2 C rate [25]. Thus, it is
important to understand the diﬀusion induced stress in the battery materials.
Many works have been done to study the diﬀusion induced stress to improve the
cycle life of LIBs [30, 34, 37, 83]. Zhang et al. [30, 37] studied the diﬀusion induced
stress in LiMn2 O4 under galvanostatic and potentiodynamic conditions using ellipsoid
shaped particle model. Cheng and Verbrugge [34] investigated the strain energy of a
spherically-shaped electrode particle under a periodic voltage excitation source. They
evaluated the crack nucleation using strain energy density method. Zhao et al. [83]
studied the diﬀusion induced fracture of Lix CoO2 particles using fracture mechanics.
However, many of these studies using single sphere particle model, and diﬀusion
kinetics and electrochemical processes are simpliﬁed greatly.
There are some attempts to simulate the diﬀusion induced stress in porous intercalation electrode. Garcia et al. [38] studied the stress and electrochemical performance
in a 2D model geometry with sphere particles distributed inside the porous electrode.
Renganathan et al. [23] simulated the stress inside the porous electrode by taking
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advantage of the P2D model. Although the geometry and diﬀusion kinetics have
been improved in these works, some important features can not be captured using
homogeneous microstructures, such as the diﬀusion kinetics at high C rates and the
geometry eﬀect on stress. Thus, a realistic microstructure based diﬀusion induced
stress study is necessary.
To our best knowledge, realistic microstructure based stress studies in LIBs are
limited. Lim et al. [107] calculated the stress in reconstructed graphite and LiCoO2
single particles. The electrochemistry framework is simpliﬁed. Wu et al. [108] investigated the diﬀusion induced stress in LiMn2 O4 /C whole cell using realistic microstructure, but their model is in 2D. We recently simulated the diﬀusion induced stress in
synchrotron X-ray tomography reconstructed Nickel-Manganese-Cobalt (NMC) based
half cell [109]. Hence, a 3D realistic microstructure based diﬀusion induced stress
model under the complex electrochemistry framework is warranted.
In this chapter, the electrochemical performance and diﬀusion induced stress will
be calculated in FIB-SEM reconstructed LiCoO2 half cell. The paper will be organized as follows: In Section 4.2, the details of imaging processing and reconstruction
of LiCoO2 half cell are given. In section 4.3, a set of mathematical formulations
describing the electrochemistry and stress in LIBs are listed. In section 4.4, the potential response and lithium ion concentration under various C rates are studied. The
geometry and particle size eﬀect on stress are discussed. The stress distribution in
the particles is also analyzed. Conclusions are given in section 4.5.

4.2

Image processing and domain generation
The cross-sectional images of LiCoO2 cathode identiﬁed by FIBSEM technique

were reported in ref. [110]. The resolution of each gray-scale image is 35 × 35 × 62
nm3 . The image stack containing 200 images was imported into Avizo software for
image processing and segmentation. As shown in the literature, the carbon phase
is randomly distributed in the electrode and has a highly irregular shape. Due to
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the high computational cost and mesh generation diﬃculty, the carbon phase was
neglected in this study. An Edge Preserving Smoothing Filter [111] was applied
followed by the gray-scale threshold segmentation. The resulting reconstruction is a
cuboid with a dimension of 20.02 × 18.13 × 12.04 µm3 .
In order to create the LiCoO2 half cell, the aluminum current collector with 2 µm
thickness and the separator with 4 µm thickness were added to the cathode domain
( see Figure 4.1). The pore space in the cathode domain was ﬁlled with electrolyte.
The porous structure in the separator was neglected. The three domains were meshed
and imported into Comsol Multiphysics for further simulation.

Figure 4.1. Illustration of LiCoO2 half cell. Yellow color represents
current collector, red color represents LiCoO2 , and blue color represents electrolyte.

4.3

Model description
The mathematical model consists of electrochemistry sub-model and mechanics

sub-model. The electrochemistry model describes the species and charge transports in
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LiCoO2 half cell. The mechanics model computes the mechanical stress and diﬀusion
induced stress in active particles.

4.3.1

Electrochemistry

The electrochemistry model describing battery kinetics, mass and charge transports is based on the work of Doyle et al. [112] and Fuller et al. [113]. In order to
distinguish diﬀerent domains, subscript of i = 1, and 2 denotes the active cathode
particles and the electrolyte.

Active cathode particles
The charge balance in the active cathode particles follows the Ohms law:
r · (−k1 rφ1 ) = r · J1 = 0

(4.1)

where k1 is the electrical conductivity of the active cathode particles; φ1 is the electrical potential and J1 is the current density in LiCoO2 particles.
It is shown that the ideal solution thermodynamics assumption was applied in
describing the transport of lithium ions and diﬀusion induced stress, and is widely
used in battery modeling [23, 37, 38, 114–116]. Hence, the transport of Lithium ions
in active particles is described by the modiﬁed Ficks law [37, 98], which includes the
eﬀect of stress on diﬀusion:
D1 Ωc1
∂c1
+ r · (−D1 rc1 +
rσh ) = 0
∂t
RT

(4.2)

where c1 is the lithium ion concentration in solid particles; D1 is the diﬀusivity of
lithium ions in LiCoO2 ; R is the universal gas constant; T is the temperature, which
is set 300 K in this study; Ω is the partial molar volume of active particles; σh =
(σ11 + σ22 + σ33 )/3 is the hydrostatic stress (σij is the stress component in the stress
tensor).
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Electrolyte
The charge transport equation of the electrolyte phase couples the concentration
of lithium ions and the electrical potential, and has the following form:
r · (−k2 rφ2 +

∂lnf2
2k2 RT
(1 +
)(1 − t+ )rc2 ) = r · J2 = 0
∂lnc2
F c2

(4.3)

where k2 is the electrical conductivity of the electrolyte, φ2 is the electrical potential;
F is the Faraday constant; c2 is the lithium ion concentration in the electrolyte; t+
is the transference number of positive ions, which is set 0.363 in this study; f2 is the
mean molar activity coeﬃcient of the electrolyte.
The mass transport of lithium ions in the electrolyte is expressed as:
dlnc0
J2 t+
∂c2
+ r · [ −D2 (1 −
rc2 +
)] = 0
F
∂t
dlnc2

(4.4)

where D2 is the reference lithium ion diﬀusivity in the electrolyte; dlnc0 /dlnc2 is the
concentrated solution correction to salt diﬀusivity; J2 is the current density in the
electrolyte. Assume the solvent concentration is not a function of the electrolyte, the
term dlnc0 /dlnc2 will be neglected. Since t+ is a constant in this study, r · (J2 t+ /F )
becomes zero.

Interface conditions
The chemical kinetics at the particle-electrolyte interface is described by the
Butler-Volmer relationship:
N=

i0
(1 − α)F
i0
αF
in
= exp[
η] − exp[ −
η]
F
F
RT
F
RT

(4.5)

where N is the ﬂux of lithium ions; i0 is the exchange current density; α is the
cathodic charge transfer coeﬃcient, which is 0.5 in this study; η is the overpotential
at the particle-electrolyte interface.
The exchanged current density is deﬁned as follows:
i0 = F k0 (c2 )1−α (cθ )1−α (c1,surf )α

(4.6)
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where k0 is the reaction rate; c1,surf is the concentration of lithium ions on the surface
of solid electrode; cθ is the concentration of available vacant sites on the surface of
solid particles.
The overpotential is given by:
η = φ1 − φ2 − U

(4.7)

where U is the open circuit potential at the interface.

4.3.2

Mechanics

The mechanics model computes the stress and particle deformation inside the
LiCoO2 half cell. The total strain i,j of the active particles contains the mechanical
dis
strain me
i,j and the diﬀusion induced strain i,j . The diﬀusion induced strain is formu-

lated by the thermal analogy [22, 23]. The constitutive equation describing the stress
and strain is given by:
me
dis
ij = i,j
+ i,j
=

1
c̃Ω
δij
[ (1 + ν)σij − νσkk δij ] +
E
3

(4.8)

where E is Youngs modulus; ν is Poissons ratio; σij is stress tensor; c̃ is the concentration diﬀerence of lithium ions from the original value; Ω is the partial molar
volume.
The stress components obey mechanical equilibrium:
σij,j = 0

(4.9)

Following ref. [38], the electrolyte was modeled as a compliance gel, which has a
much lower Youngs modulus than LiCoO2 [94].

4.3.3

Boundary conditions and material properties

The electrochemistry boundary conditions are illustrated in Figure 4.2. At the left
side of the current collector, a constant current density was applied. Diﬀerent C rates
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were applied to simulate the discharge of LiCoO2 half cell. C rates were calculated
based on the volume of LiCoO2 particles, speciﬁc capacity of LiCoO2 (0.137 Ah/g)
and the cross section area of the half cell. The corresponding 1C rate is 8.6216 A/m2 .
At the right side of the electrolyte, the electric potential was set 0 V. For all other
outer surfaces, no ﬂux boundary conditions were applied.

Figure 4.2. Electrochemistry boundary conditions in LiCoO2 half
cell. Yellow color represents current collector, red color represents
LiCoO2 , and blue color represents electrolyte.

For mechanics boundary conditions, since the cathode domain in this study is a
portion of entire cathode, the symmetry boundary conditions were set at the upper,
lower and left sides. At the right side of the electrolyte, ﬁxed boundary condition was
applied.
The material properties used in the model are listed in Table 4.1. For electrical
conductivity, lithium ion diﬀusivity and other related parameters in the electrolyte
were those at 25◦ C as provided in ref. [117]. The open circuit potential of LiCoO2 and
reaction rate constant at the cathode-electrolyte interface was chosen from ref. [118].
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Table 4.1. Material properties used in the model.

4.4

LiCoO2

Current collector electrolyte

c0 (mol/m3 )

25777

/

1000

cmax (mol/m3 )

51555 [119]

/

/

k (S/m)

10 [118]

3.5 × 107 [16]

See ref. [117]

D (m2 /s)

1 × 10−13 [119]

/

See ref. [117]

E (GP a)

See ref. [94]

/

0.001 [38]

ν

0.3 [23]

/

0.25 [38]

Ω (m3 /mol)

−1.947 × 10− 6 [62] /

/

Results and discussion
The mathematical model described in section 4.3 was implemented in Comsol

Multiphysics PDE module. The simulation time step was set 0.001 s. The LiCoO2
half cell discharged under various C rates was simulated. In this study, the LiCoO2
half cell was discharged during the state of charge (SOC) from 0.5 to 1. The state
of charge was deﬁned as the ratio of the maximum local lithium ion concentration to
the stoichiometric lithium ion concentration in LiCoO2 particles. The initial SOC for
discharge was set 0.5, because experiment observes that lithium ions cant intercalate
into Lix CoO2 particles if x < 0.5 [120].

4.4.1

Electrochemical response

The simulated discharge curve of LiCoO2 half cell was shown in Figure 4.3. The
half cell discharged at 0.5 C rate has the best electrochemical performance. At 5C,
the potential drops signiﬁcantly compared with the 0.5 C and 1 C case. At the end
of discharge, the potential of the cell discharged at 5 C is 0.24 V lower than the 0.5
C. The large internal resistance at high current density causes this phenomenon.
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Figure 4.3. Simulated discharge curves of LiCoO2 half cell under 0.5
C, 1 C and 5 C rates.

The lithium ion concentration proﬁles at SOC = 1 under various C rates were
shown in Fig. 4. At 0.5 C, the lithium ion concentration distribution at the end of
discharge is homogeneous (see Figure 4.4 (a)-(c)). With the increase of the current
density, the spatial lithium ion concentration becomes more inhomogeneous (see Figure 4.4 (d)-(i)). This is due to the position and size of the LiCoO2 particles. Here are
some observations: (1) The smaller the LiCoO2 particles, the easier for lithium ions
intercalate into the active material. This causes higher lithium ion concentration in
these particles. It can be explained by the shorter diﬀusion distance from the particle
surface to the middle. (2) The more the LiCoO2 particles away from the separator (separator is the lithium source during the discharge process), the less likely for
lithium ions to diﬀuse into the particles. It leads lower lithium ion concentration in
the particles. The reason can be contributed to the longer migration paths of lithium
ions from the separator. Hence, combined (1) and (3), the smaller LiCoO2 particles
near the separator have higher lithium ion concentration, and larger particles near
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the current collector has lower lithium ion concentration. In realistic geometry model,
the inhomogeneous size and distribution of active materials causes the inhomogeneity
of the electrochemical properties. This is what traditional 1D model failed to predict.

Figure 4.4. Lithium ion concentration in LiCoO2 particles under
various C rates. The ﬁgures are taken from the cross section of the
half cell which positioned at z = 10 µm.

4.4.2

Stress response

The failure of the brittle materials is often related to the tensile stress [114]. In
order to capture the failure inside the LiCoO2 cathode, the 1st principal stresses inside
the cathode were calculated. The maximum 1st principal stresses in LiCoO2 particles
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under 0.5 C, 1 C and 5 C rates are shown in Figure 4.5. Under galvanostatic discharge
conditions, the stress levels increase monotonically with SOC. With the increase of
the discharging current density,the maximum tensile stresses increase. The maximum
stress at 5 C is 153 MPa, which is about 50% larger than the 1C case and 120% larger
than the 0.5 C case. Since the yield strength of LiCoO2 is around 100 MPa [23], it
is predicted that the LiCoO2 cathode will experience fracture under 5 C discharging
rate.

Figure 4.5. Time history of maximum 1st principal stress in LiCoO2
particles under 0.5 C, 1 C and 5 C rates.

To better understand the failure mechanisms in the LiCoO2 half cell, the stress
distribution inside the particles was investigated. In Figure 4.6, the 1st principal stress
distribution inside the LiCoO2 particles at SOC = 1 under 5 C rate is shown. Unlike
the uniform stress distribution in 1D model [121] and single particle model [37], the
stress distribution shows strong geometry eﬀect. There are some features for stress
distribution: (1) In the concave and convex regions, the 1st principal stresses are
much higher than other areas (case A). (2) For isolated LiCoO2 particles, the stresses
in large grains are higher than small grains if there is no stress concentration near the
connecting regions (case B). (3) If the LiCoO2 particles are isolated, the stresses on
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the surface of the LiCoO2 particles are higher than the stress on the surface (case C),
which is in agreement with previous simulation observations [108]. Since the stresses
near the concave and convex regions are the highest, the cracks may be initiated in
these regions. Once the cracks propagate, the neck regions of the connected particles
will break and form several isolated particles. For isolated particles, cracks are more
likely to form on the surface rather than inside the particles. Failure may occur in
large grains ahead of small grains.

Figure 4.6. 1st principal stress distribution in reconstructed LiCoO2
particles at SOC = 1 under 5 C rate. The ﬁgures are taken from the
cross section of the half cell which positioned at z = 10 µm.

To study the geometry eﬀect more quantitatively, the stress distribution near the
convex and concave regions was investigated. In the study, four points were selected
to represent the concave and convex regions, as shown in Figure 4.7(a). A and C
represent the concave regions, while B and D represent the convex regions. The 1st
principal stress time history of four points under 1C rate was shown in Figure 4.7(b).
The stresses of all of the four points shows the similar pattern as Figure 4.5. The
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stress levels increase with the discharging time. The 1st principal stresses of two
concave points A and C are higher than the corresponding convex points B and D.
The maximum principal stress of point A is 28.9 MPa, which is about 32% higher
than the stress of point B. The maximum stress of point C is 25% larger than its
corresponding convex point D. Hence, the maximum tensile stress is more likely to
occur at concave regions rather than convex regions.
To study the stress distribution inside the LiCoO2 particles, two lines were selected
in an isolated single particle (see Figure 4.8). L1 is the horizontal line inside the
particle, while L2 is the vertical line. The positions of two lines are shown in Figure
4.8(a). The 1st principal stress distributions along L1 and L2 are shown in Figure
4.8(b). The stress distribution along L1 and L2 shows similar features. On particle
surfaces, the stress has the largest value along both lines. The minimum magnitude is
reached in the middle of L1 and L2. In order to explain this phenomenon, the lithium
concentration gradient along these two lines was investigated. Here, the lithium
concentration gradient is deﬁned as the diﬀerence of the local lithium concentration
and the mean lithium concentration. As shown in Figure 4.8(b), the lithium ion
concentration gradient has the smallest value in the middle of the particle. Hence,
the diﬀusion induced strain becomes the lowest in the middle of L1 and L2 and the
highest at two ends of L1 and L2 according to the equation 4.8. Thus, cracks may
initiated on the surfaces of the particle.

4.5

Conclusions
In this chapter, the electrochemical properties and diﬀusion induced stresses in

LiCoO2 with realistic 3D microstructures have been investigated using ﬁnite element
method. The conclusions are summarized as follows:
1. The discharged curves under various C rates were simulated. The potential
drops signiﬁcantly with the increase of C rates
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(a)

(b)

Figure 4.7. (a) The positions of four selected points A, B, C and D.
(b) The 1st principal stress time history of four selected points A, B,
C and D under 1 C rate.

2. The lithium ion concentration distribution under high discharging rates shows
strong inhomogeneity. At high C rates, the small LiCoO2 particles near the
separator have higher lithium ion concentration because of the shorter lithium
migration and diﬀusion paths.
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(a)

(b)

Figure 4.8. (a) The positions of two selected lines L1 and L2. (b)
The 1st principal stress and lithium concentration gradient of L1 and
L2 under 1 C rate.

3. The maximum 1st principal stress under diﬀerent C rates increases at the initial
stage and then decreases. The maximum stress at 5 C is 153 MPa, which is
about 50% larger than the 1 C case and 120% larger than the 0.5 C case.
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4. The maximum stress is more likely to occur at concave regions rather than
convex regions. The study shows the maximum tensile stresses in the concave
region can be 32% larger than the convex region.
5. For isolated LiCoO2 particles, the fracture is more likely to occur on the surface
rather than inside the particles. The high surface stress can be contributed to
the higher lithium concentration gradient on the surface.
6. Failures are more likely to occur in large grains.
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5. FINITE ELEMENT STUDY ON STRESS GENERATION IN SYNCHROTRON
X-RAY TOMOGRAPHY RECONSTRUCTED NICKEL-MANGANESE-COBALT
BASED HALF CELL WITH PHASE TRANSITIONS
5.1

Introduction
Lithium ion rechargeable batteries (LIBs) are one of the most promising candi-

dates for portable electronics and electric vehicles applications due to their high energy
density [5]. Many technological improvements have been made to increase the energy
density and cycle life of LIBs, including suppressing dendrites formation [104, 105],
reducing side reactions [24, 106], and preventing thermal runaway [102, 122]. One of
the critical challenges of LIBs is to enhance the mechanical stability of electrode materials. Diﬀusion induced stresses [107, 116] and phase transition [23, 114] during the
operations of LIBs can cause fracture and mechanical failure. Hence, it is important
to understand the stress generation in battery materials.
Many studies have been done to study the stress generation to prevent the mechanical failures of LIBs [30, 34, 37, 83, 94, 116]. Zhang et al. [30, 37] studied the
diﬀusion induced stresses in LiMn2 O4 under galvanostatic and potentiodynamic conditions using ellipsoid shaped particle model. Cheng and Verbrugge [34] investigated
the strain energy of a spherically-shaped electrode particle under a periodic voltage
excitation source. They evaluated the crack nucleation using strain energy density
method. However, many of these studies employed single sphere particle model, and
diﬀusion kinetics and electrochemical processes were simpliﬁed greatly. There are
some attempts to simulate the stress generation of realistic microstructures in LIBs.
Lim et al. [107] studied the diﬀusion induced stresses of realistic microstructures of
Lix CoO2 and Lix C6 particles reconstructed by synchrotron X-Ray tomography. Wu et
al. [108] investigated the mechanical behavior of LiMn2 O4 cathode reconstructed by
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2D SEM images under discharge conditions. The phase transition was not considered
in the study.
Stresses caused by phase transition inside the electrode materials are detrimental
to electrode particles. Phase transition can introduce abrupt volume changes to the
structure, leading to structure instability. However, the studies of stress generation
including diﬀusion induced stress and phase transitions are rare. Park et al. [114]
calculated the stresses with phase transition and intercalation in LiMn2 O4 particles,
but the geometry used in the model was simple shaped particles. Renganathan et
al. [23] simulated the stress inside the porous electrode by taking advantage of the
P2D model. They evaluated the stresses at the phase interface. Although the stresses
caused by phase transition and Li intercalation have been considered in above works,
some important features cannot be captured using homogeneous microstructures, such
as the diﬀusion kinetics at high C rates and the geometry eﬀect on stresses. Thus,
a realistic microstructure based stress generation study with phase transition and
intercalation is necessary.
In this chapter, the electrochemical performance and the stress generation inside
the cathode microstructure including phase transition and Li intercalation will be
calculated using synchrotron X-ray reconstructed NMC half cell. The paper is organized as follows: In Section 7.2, the details of imaging processing and reconstruction
of NMC half cell are given. In Section 7.3, a set of mathematical formulations describing the electrochemistry and the stresses in LIBs are listed. In Section 7.4, the
electrochemical performance of NMC half cell under various C rates are studied. The
geometry eﬀect on stress is discussed. The stress distributions in the particles are
also analyzed. Conclusions are given in Section 6.5.

5.2

Microstructure reconstruction and ﬁnite element mesh
The microstructure used for the model was obtained by synchrotron X-ray to-

mography at beamline 2-BM at the Advanced Photon Source, Argonne National
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Laboratory. The NMC cathode (LiNi0.33 Mn0.33 Co0.33 O2 ) used in the experiment was
from a commercial LG HE4 18650 cell. The NMC 18650 cell was disassembled in argon ﬁlled glove box, and the cathode materials were carefully scratched oﬀ. A set of
gray-scale images ware obtained with a voxel size of 0.65 µm after synchrotron X-ray
tomography. The carbon and binder phase was neglected in this study, because it is
hard to distinguish it from the background. It is noted that the lack of carbon and
binder phase may cause isolated NMC particles. In order to reduce the computational cost, an edge preserving smoothing ﬁlter and small islands removal ﬁlters were
applied followed by greyscale threshold segmentation. The resulting reconstruction
was a cuboid with a dimension of 45 × 45 × 33 µm3 . The cross section images before
and after image processing are shown in Figure 5.1(a) and 5.1(b). Overall, the images after processing preserve the major microstructural features of the unprocessed
images.
In order to simulate the electrochemical performance, a three-dimensional ﬁnite
element model of the NMC half cell was created. The NMC half cell was made up of
cathode, electrolyte and separator domains. A separator with 10 mm thickness was
added to the cathode domain (Figure 5.1(c). The pore space in the cathode domain
was ﬁlled with electrolyte. The porous structure in the separator was neglected. Two
domains were meshed and imported into Comsol Multiphysics for further simulation.

5.3

Model description
The mathematical model consists of electrochemistry sub-model and mechanics

sub-model. The electrochemistry model describes the species and charge transports
in the NMC half cell. The mechanics model computes the mechanical stresses and
diﬀusion induced stresses in active particles.
The electrochemistry model describing battery kinetics, mass and charge transports is based on the work of Doyle et al. [112] and Fuller et al. [113]. There are two
domains in this model, the active cathode particles and the electrolyte. It is reported
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(a)

(b)

(c)

Figure 5.1. (a) Raw synchrotron X-ray reconstructed NMC cathode’s
cross sectional view before image processing. White color represents
NMC particles and black color represents electrolyte. (b) Cross sectional view of NMC cathode after image processing. White color
represents NMC particles and black color represents electrolyte. (c)
Three-dimensional ﬁnite element mesh of the NMC half cell. Red
color represents NMC particles and blue color represents electrolyte.

that the Lix Ni0.33 Mn0.33 Co0.33 O2 has a layered structure when 0 < x < 1, while it
has a spinel structure when 1 < x < 1.2 [123, 124]. Here, we assume the lithium
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diﬀusivity and the electrical conductivity remain the same after the phase transition.
The details of governing equations describing the electrochemistry are listed in model
descriptions in Chapter 4.
In mechanics model, only NMC particles are simulated. Garcia et al. [38] modeled
the electrolyte as a soft gel with Young’s modulus 1 MPa. This number is much
smaller than the cathode (80 GPa in this study). Hence, when computing stress, we
neglected the inﬂuence of electrolyte. The mechanics model computes the stresses and
particle deformations in active material particles. The total strain ij contains the
dis
mechanical strain me
ij , the diﬀusion induced strain ij and the phase change induced

strain ph
ij . The diﬀusion induced strain is formulated by the thermal analogy [23, 34].
The constitutive equation describing the stress and strain before phase transition is
given by:
dis
ij = me
i,j + i,j =

1
c̃Ω
[ (1 + ν)σij − νσkk δij ] +
δij
E
3

(5.1)

where E is Young’s modulus; ν is Poisson’s ratio; σij is stress tensor; c̃ is the concentration diﬀerence of lithium ions from the original value; Ω is the partial molar
volume.
After phase transition, an additional strain was introduced:
me
dis
ij = i,j
+ i,j
+ ph
i,j =

Wph
1
c̃Ω
[ (1 + ν)σij − νσkk δij ] +
δij +
δij
E
3
3

(5.2)

where Wph is the volume change due to the phase transition.
The stress components obey mechanical equilibrium:
σij,j = 0

(5.3)

For electrochemistry model, at the right side outer boundary of the NMC electrode, a constant current density was applied. Diﬀerent C rates were employed to
simulate the discharge of NMC half cell. At the left hand side of the electrolyte,
the electric potential is set 0 V. For all other outer surfaces, the periodic boundary
conditions are applied. For mechanics model, ﬁxed boundary conditions were applied
on the outer surfaces of NMC particles.
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The state of charge (SOC) is deﬁned as the ratio of the maximum local lithium
ion concentration to the stoichiometric lithium ion concentration in NMC particles
(LiNi0.33 Mn0.33 Co0.33 O2 ). In order to avoid the numerical diﬃculty of the sudden
phase transition, a linear transition zone with a width 0.05 at x = 1 is applied.
Hence, when 0 < SOC < 0.975, the cathode has no phase transitions. 0.975 < SOC
< 1.025 is the transition zone, and SOC > 1.025 is the region where phase transition
occur. The material properties used in the model are listed in Table 5.1. For electrical
conductivity, lithium ion diﬀusivity, and ∂(lnf2 )/∂(lnc2 ) in the electrolyte were chosen
at 25◦ C as provided in Ref. [117]. The open circuit potential of NMC was chosen from
Ref. [125]. The reaction rate constant k0 is 6.5 × 10−9 m5/2 s−1 mol−1/2 [126].
Table 5.1. Material properties used in the model.

5.4

NMC

electrolyte

Initial concentration (mol/m3 )

0

1000

Electrical conductivity (S/m)

10 [127]

See ref. [117]

Diﬀusivity (m2 /s)

7.6 × 10−13 [127]

See ref. [117]

Young’s modulus (GP a)

80 [128]

/

Poisson’s ratio

0.3 [128]

/

Partial molar volume (m3 /mol)

2.1 × 10−6 [129]

/

Volume change of the phase transition

0.034 [123]

/

Results and discussion
The mathematical model described in Section 7.3 was implemented in Comsol

Multiphysics PDE module. The simulation time step was set to 0.001 s. The NMC
half cell discharged under various C rates was simulated. In this study, the NMC half
cell was discharged during SOC from 0 to 1.1.
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5.4.1

Electrochemical response

The discharge curves of the NMC half cell under 0.5 C, 1 C and 2 C are shown
in Figure 5.2. The normalized capacity is deﬁned as the ratio of the actual capacity
and the theoretical capacity. The NMC half cell discharged at 0.5 C rate has the
best voltage response. With the increase of the C rate, the voltage drops. With the
same capacity, the voltage of the NMC half cell discharged at 2 C rate is about 0.15
V lower than the cell discharged at 0.5 C. Near the normalized capacity equals to 1,
the voltage diﬀerence between the half cell discharged at 0.5 C and 2 C is huge.

Figure 5.2. Simulated discharge curves of reconstructed NMC half
cell under 0.5 C, 1C and 2 C rates.

In order to explain the voltage reduction during the discharge, the actual polarization was calculated. In this study, the actual polarization was considered mainly due
to activation polarization and concentration polarization. The average polarization
of activation overpotential occurring at the electrode-electrolyte interface and concentration polarization occurring in electrolyte or NMC particles [130] is expressed
as,
ηactivation

1
=
A · Jtotal

ZZ
in · ηds
S

(5.4)

74

Figure 5.3. Average polarization in NMC half cell (a) at 0.5 C rate,
(b) at 1 C rate, and (c) at 2 C rate
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ηconcentration

1
=
A · Jtotal

ZZZ
Jm,n ·
V

∂φ
ds
∂n

(5.5)

where Jtotal is applied current density; A is the cross section area of the applied current
density; m = 1, 2 where 1 represents NMC particles and 2 represents electrolyte;
n = 1, 2, 3 is the Cartesian coordinate component; S is the area of the electrodeelectrolyte interface; V is the volume of electrode or electrolyte. As shown in Figure
5.3 (a), (b) and (c), the average activation overpotential is the major contribution
to the total polarization. The activation overpotential is about 4-5 times larger than
the concentration polarization. With the increase of SOC, the total polarization
increases monotonically. In addition, the polarization goes up with the increasing C
rates, which taking accounts into the voltage reduction phenomenon shown in Figure
5.2.
The lithium ion concentration proﬁles under 1 C rate are shown in Figure 5.4 (a),
(b), (c) and (d). Here are some features observed from Figure 5.4: (1) Several particles
have no lithium ion intercalation during the discharge process (see Figure 5.4 (b), (c)
and (d)). These particles are isolated from the electrically conductive network and
are not involved in electrochemical reactions. It is noted that electrons can only be
conducted by NMC particles in this model, since there is no carbon and binder phase
in the model. This can also be conﬁrmed by overpotential distributions inside the
NMC half cell (see Figure 5.5 (a), (b) and (c)). Several NMC particles located outside
of the conductive network have zero overpotential, indicating no reactions happen in
these particles. This is what traditional 1D models fail to predict; (2) For particles
in the electrochemical network, the lithium ion concentration increases during the
discharge process. And the variation of the lithium ion concentration is less than
10% (see Figure 5.4 (a), (b) and (d)); (3) The lithium ion concentration is highest
near the separator regions, and decreases along the thickness of the cathode (see
Figure 5.4 (c)). This can be evidenced by the overpotential distributions along the
cathode. In overall, the overpotential has the trend to decrease along the thickness of
the NMC cathode. Higher overpotential leads to higher reaction current density and
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lithium ﬂux. In addition, the small particles near the separator have higher lithium
ion concentration (case A) than the large particles (case B). The surface area plays
an important role in the lithium concentration proﬁle, because larger surface area
contributes to higher lithium ﬂux. It can be concluded that the small particles near
the separator have the highest lithium ion concentration in the cathode, while the
large particles away from the separator have the smallest.

(a)

(b)

(c)

(d)

Figure 5.4. Lithium ion concentration in NMC particles under 1 C
rate. (a) SOC= 0. (b) and (c) both shows the lithium ion concentration at SOC= 0.5, but with the color bar scale compressed in (c). (d)
SOC= 1.1
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(a)

(b)

(c)

Figure 5.5. Overpotential distribution in NMC half cell at the end
of (a) 0.5 C rate, (b) 1 C rate, and (c) 2 C rate.

The eﬀect of discharge rate on local lithium distribution is shown in Figure 5.6
(a), (b) and (c). It is noted that the group in 0-0.2 concentration represents the
volume fraction of the isolated particles. At 0.5 C discharge rate, there is no obvious
eﬀect on local lithium accumulation. At moderate discharge rate, e.g., 1 C, the inhomogeneous NMC microstructure divides the concentration distribution into multiple
groups. About 15% amount of active material is not utilized. At high discharge rate,
e.g., 2 C, the microstructure inhomogeneity causes a huge impact on local lithium
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Figure 5.6. Lithium ion concentration population at the end of (a)
0.5 C rate, (b) 1 C rate, and (c) 2 C rate.
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accumulation. The local lithium concentration is broadening. The inhomogeneous
lithium distribution in NMC cathode leads to 30% of active materials not utilized.

5.4.2

Stress response

The maximum von Mises stresses in NMC particles under 0.5 C, 1 C and 2 C rates
are shown in Figure 5.7(a). The maximum von Mises stresses under diﬀerent C rates
increase at the initial stage as lithium ions intercalates into particles. As the discharge
process goes further, the stress levels go up dramatically around SOC=1, and then
drop down after. The phase transition of NMC particles lead to this phenomenon.
With the increase of the lithium ion concentration, some NMC particles experience
phase transition from layered structure to spinel structure around SOC= 1. The
phase transition introduces an abrupt volume change and generates strain mismatch,
causing the stresses increase. With further electrochemical reactions, all NMC particles inside the electrochemical network change into spinel structure, and the strain
mismatch is eliminated. This is further conﬁrmed by Figure 5.7 (b) and (c). At
SOC = 1, only the NMC particles near the separator turn into spinel structure,
while all the particles in the conductive channel become spinel structure at the end
of discharge. With the increase of the discharging current density, the maximum von
Mises stresses increase. The maximum von Mises stresses occur after phase transition. The maximum stress at 2 C is 217.52 MPa, which is about 2 times larger than
the 1 C case and 4 times larger than the 0.5 C case. The stresses tend to reach the
maximum at higher SOC with the increasing C rates. For example, the maximum
von Mises stress occurs in NMC particles at SOC= 1.008 under 0.5 C rate, while
the stress reaches the maximum at SOC= 1.01 for 1 C rate and at 1.025 for 2 C
rate. It is noted that the stresses calculated in this work are one magnitude higher
than the stresses in other studies. The maximum von Mises stress of Lix Mn2 O4 in
Zhang’s work [37] is about 48 MPa. And in Lim’s study [107], the maximum stress in
Lix CoO2 particle is about 20 MPa. Considering phase transition inside the battery
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materials can have large inﬂuence on stress levels. Once the maximum von Mises
stress inside the particles reaches the yield strength, the mechanical failure will occur
in NMC cathode. The yield strength of NMC is not available in the literature and
hence we chose LiCoO2 as the reference, since it has a similar lattice structure and
composition. The yield strength of LiCoO2 measured by Malav et al. [131] is about
200 MPa, which is lower than the maximum stress 217.52 MPa in this study. This
implies the mechanical degradation will occur in NMC cathode discharging beyond 2
C rate.
It is noted that there is sharp drop in stresses after SOC= 1. To take into accounts
for this phenomenon, diﬀerent components of strain where the maximum von Mises
stresses occur were calculated. The total strain consists of intercalation strain, phase
transition strain and mechanical strain, as illustrated in equation 5.2. As shown in
Figure 5.8 (a), the intercalation strain increases monotonically with the increasing
SOC, where phase transition strain experiences a sudden increase near SOC= 1. For
the mechanical strain (see Figure 5.8 (b)), the oﬀ diagonal strain components exhibit
small values compared with the diagonal strain. The diagonal strain components show
compression features and experience sudden increase in magnitude near SOC= 1.
During the discharge, the intercalation and phase transition expand NMC particles
while the negative elastic deformation restores the volume. The total strain was
obtained by summing up intercalation, phase transition and mechanical strain, as
shown in Figure 5.8 (c). With the competitions of these three components, the total
strain has a sudden drop after SOC = 1, which has a similar feature as the maximum
von Mises stresses.
The maximum hydrostatic stress and maximum shear stresses in NMC particles
under diﬀerent discharge C rates are shown in Figure 5.9. In all of the three cases,
hydrostatic stress is dominant and much higher than the shear stresses. The hydrostatic stress keeps increasing with the increasing SOC, and has abrupt increase near
SOC= 1. This is due to the lattice volume expansion introduced by phase transition.
Furthermore, the hydrostatic stress increases with the rates of discharge. Hence, with
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(a)

(b)

(c)

Figure 5.7. (a) Time history of maximum von Mises stresses in NMC
particles under 0.5 C, 1 C and 2 C rates. (b) Spinel NMC at SOC= 1
under 1 C rate. (c) Spinel NMC at SOC = 1.1 under 1 C rate. Red
represents spinel NMC. The ﬁgures (b) and (c) are taken from the
cross section of the half cell positioned at x = 16.5 µm in Figure 5.1.

the increasing discharge rates, the hydrostatic stress causes the von Mises stresses go
up and fracture are more likely to occur due to the hydrostatic stress.
To better understand the failure mechanisms in the NMC half cell, the stress distribution inside the particles was investigated. In Figure 5.10, the von Mises stresses
inside the NMC particles at SOC = 1 under 1 C rate is shown. Unlike the uniform
stress distribution in the 1D model [121] and single particle model [37], the von Mises

82

Figure 5.8. Strain where maximum von Mises stress occurs during
1 C-rate discharge. (a) intercalation and phase transition strain; (b)
mechanical strain; (c) total strain.
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Figure 5.9. Maximum hydrostatic stress and maximum shear stresses
in NMC particles under diﬀerent C-rates. (a) 0.5 C; (b) 1 C; (c) 2 C.

stress distribution shows a strong geometry eﬀect. Here are some observations for
stress distribution: (1) For the particles isolated from the electrochemical network,
the stresses are zero (case A). Since there is no lithium ion intercalation inside these
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Figure 5.10. von Mises stresses distribution in reconstructed NMC
particles at SOC= 1 under 1 C rate. The ﬁgure is taken from the cross
section of the half cell which positioned at x = 16.5 µm in Figure 5.1.

particles, stress will not be generated by diﬀusion and phase transitions. (2) The
concave and convex regions are the most critical places where the mechanical failure
may occur. The von Mises stresses near these regions are much higher than other
areas (case B). (3) Away from the stress concentration regions, the stresses on the
surfaces of NMC particles are higher than the stresses inside the particles (case C).
Since the stresses near the concave and convex regions are the highest, the cracks
may be initiated in these regions. Once the cracks propagate, the neck regions of
the connected particles will break and form several isolated particles. If the isolated
particles are not connected with the electrically conductive materials such as carbon
and binder, the capacity will lose in LIBs. For isolated particles in the conductive
channel, cracks are more likely to form on the surface. Eventually, the particles will
break into several small particles.
To study the geometry eﬀect more quantitatively, the stress distribution near the
convex and concave regions was investigated. In the study, four points were selected
to represent the concave and convex regions, as shown in Figure 5.11 (a). A and C
represent the concave regions, while B and D represent the convex regions. The von
Mises stresses time history of four points under 1 C rate is shown in Figure 5.11 (b).
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(a)

(b)

Figure 5.11. (a) The positions of four selected points A, B, C and
D. (b) The von Mises stresses time history of points A, B, C and D
under 1 C rate

The von Mises stresses of all of the four points show similar patterns as Figure 5.7(a).
The stresses increase at the initial stage. As the discharge process goes further, the
maximum von Mises stresses increase dramatically because of the phase transition,
and then drop down. The stresses of two concave points A and C are signiﬁcantly
higher than their corresponding convex points B and D. The maximum von Mises
stress of point A is 67.5 MPa, which is 49% higher than the stress of point B. The
stress of point C is 22.5 MPa, which is four times the stress in its corresponding
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convex point D. Hence, the stresses in the concave points are more critical than the
convex points.

5.5

Conclusion
The electrochemical properties and stress generation caused by phase transition

and intercalation in NMC, with realistic 3D microstructures from synchrotron X-ray
tomography, have been investigated using ﬁnite element method. The conclusions are
summarized as follows:
1. The discharged curves under various C rates are simulated. The potential drops
signiﬁcantly with the increase of C rates due to the increasing internal resistance.
2. During the discharge process, for particles isolated from the conductive channel,
several particles without lithium ion intercalation are observed. For particles in
the electrochemical network, the lithium ion concentration increases during the
discharge process. The variation of the lithium ion concentration is less than
10%.
3. Stresses inside the particles increase dramatically when considering phase transitions. The phase transition introduce an abrupt volume change and generate
the strain mismatch, causing the stresses increase. With the increase of the
discharging current density, the maximum von Mises stresses increase.
4. For the particles away from the electrochemical network, they remain unstressed
during the discharge process. The concave and convex regions are the most
critical places where the mechanical failure may occur. Away from the stress
concentration regions, the stresses on the surface of the NMC particles are
higher than the stresses inside the particles.
5. The maximum von Mises stress is more likely to occur at concave regions rather
than convex regions. The study shows the von Mises stresses in the concave
region can be four times larger than the convex region.
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6. PHASE FIELD MODELING OF COUPLED PHASE SEPARATION AND
DIFFUSION INDUCED STRESS IN LITHIUM IRON PHOSPHATE PARTICLES
RECONSTRUCTED FROM SYNCHROTRON NANO X-RAY TOMOGRAPHY
6.1

Introduction
Lithium ion rechargeable batteries (LIBs) is considered good candidates for portable

electronics and electric vehicles applications due to their high energy power density
[2,5,132]. Among all electrode materials, LiFePO4 is one of the most promising cathode materials to its low cost, low toxicity and excellent rate performance [133, 134].
LiFePO4 is known for its two-phase structure [135–137]. Many technological improvements have been made to increase the performance of LiFePO4 , including enhancing
its electronic and ionic conductivity [138–140] and increasing surface chemical stability [141–144]. One of the challenge of LiFePO4 is to understand its two-phase structure and enhance the mechanical stability. Diﬀusion induced stresses [94,107,116,145]
and phase separation [23,109,114] during the operations of batteries can cause fracture
and mechanical failure. Hence, it is important to understand the stress generation in
LiFePO4 .
Many studies have been done to study the stress generation to prevent the mechanical failures of LIBs [30, 34, 37, 83, 94, 116]. Zhang et al. [30, 37] studied the stress
generation in LiMn2 O4 under galvanostatic and potentiodynamic conditions using
ellipsoid shaped particle model. Cheng and Verbrugge [34, 146, 147] investigated the
diﬀusion induced stresses in spherical and nanowire electrodes. Zhao et al. [83, 148]
and Woodford et al. [82] simulated the stress levels and evaluated the failure criterion
for battery particles. However, many of these studies employed single sphere particle
model, and diﬀusion kinetics and electrochemical processes were simpliﬁed greatly.
There are some attempts to simulate the stress generation of realistic microstructures
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in LIBs. Zhang et al. [149] studied the diﬀusion induced stresses of realistic geometry of LiMn2 O4 particles reconstructed by atomic force microscopy. Wu et al. [108]
investigated the mechanical behavior of LiMn2 O4 cathode reconstructed by 2D SEM
images under discharge conditions. The phase separation was not considered in the
study.
Stresses caused by phase separation inside the electrode materials can be detrimental to electrode particles. Phase separation can cause volume changes to the
structure, leading to structure instability. ChiuHuang and Huang [39] investigated
the stress evolution on the phase boundary of LiFePO4 particles. Renganathan et
al. [23] simulated the stress inside the porous electrode by taking advantage of the
P2D model including moving phase boundary. However, they used moving boundary
method to track the phase boundary explicitly. This method can only be applied to
simple geometry and not robust in complex particle shapes. Phase ﬁeld method is
a promising technique [150] to describe the microstructural evolution. The method
is applied to model multiphase microstructure evolution without tracking the phase
boundary explicitly [151,152] and is robust in complex geometries [153,154]. Recently,
Lei et al. [155] studied large elasto-plastic deformation in lithiated silicon electrode
by phase ﬁeld method. Welland et al. [156] applied phase ﬁeld method to investigate phase evolution in LiFePO4 particles. In this paper, the phase ﬁeld method
will be employed to simulate the phase evolution and stress generation of LiFePO4 in
spherical, ellipsoid and realistic particles.
The chapter is organized as follows: In section 7.2, the method of imaging processing and reconstruction of LiFePO4 particles are given. In section 7.3, a set of
mathematical formulations describing the diﬀusion and the stresses in LiFePO4 particles are listed. In section 7.4, the lithium ion concentration distributions and stress
levels in sphere, ellipsoid and realistic particles are discussed and analyzed. Conclusions are given in section 6.5.
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6.2

Microstructure reconstruction
The microstructure used for the model was obtained by synchrotron X-ray to-

mography at beamline 32-ID-C at the Advanced Photon Source, Argonne National
Laboratory. The LiFePO4 cathode used in the experiment was from a commercial
A123 18650 cell. The LiFePO4 18650 cell was disassembled in argon ﬁlled glove box,
and the cathode materials were carefully scratched oﬀ. A set of gray-scale images
ware obtained with a voxel size of 30 nm after synchrotron X-ray tomography. The
carbon and binder phase was neglected in this study, because it is hard to distinguish it from the background. In order to reduce the computational cost, an edge
preserving smoothing ﬁlter and small islands removal ﬁlters were applied followed by
gray-scale threshold segmentation. After image processing and reconstruction, two
LiFePO4 particles were extracted and meshed. The extracted particles have equivalent radius of 0.402 µm and 0.548 µm. The meshed particles were imported into
Comsol Multiphysics for further simulation.

Figure 6.1. LiFePO4 particles reconstructed from X-ray tomography.
(a) 0.402 µm equivalent radius; (b) 0.548 µm equivalent radius.

6.3

Model description
The mathematical model consists of diﬀusion sub-model and mechanics sub-

model. The diﬀusion model describes the species transports in LiFePO4 particles.
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The mechanics model computes the diﬀusion induced stresses in particles during
lithium ion intercalation process.

6.3.1

Mechanics

The mechanics model computes the stresses and particle deformations in LiFePO4
particles. The total strain ij contains the mechanical strain me
ij , the diﬀusion induced
ph
strain dis
ij and the phase change induced strain ij . The diﬀusion induced strain is

formulated by the thermal analogy [23, 34]. The constitutive equation describing the
stress and strain before phase transition is given by:
me
dis
ij = i,j
+ i,j
=

1
c̃Ω
[ (1 + ν)σij − νσkk δij ] +
δij
E
3

(6.1)

where E is Young’s modulus; ν is Poisson’s ratio; σij is stress tensor; c̃ is the concentration diﬀerence of lithium ions from the original value; Ω is the partial molar
volume.
The stress components obey mechanical equilibrium:
σij,j = 0

6.3.2

(6.2)

Diﬀusion

In order to describe the phase separation phenomenon in LiFePO4 particles, a
Cahn-Hilliard type free energy functional is adopted [157, 158]. The total free energy
density is comprised of three parts:
Ψtotal = Ψchemical + Ψinterf ace + Ψelastic

(6.3)

where Ψchemical , Ψinterf ace and Ψelastic are bulk chemical free energy density, the interface free energy density and elastic strain energy density, respectively.
The bulk chemical free energy density depends on local concentration and is expressed by regular solution model [157, 159]:
Ψchemical = RT cmax [ clnc + (1 − c)ln(1 − c)] + RT cmax χc(1 − c)

(6.4)
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where R is gas constant; T is temperature; χ is a parameter used to represent phase
separation.
The interface free energy density is a function of the concentration gradient and
represents the energy penalty for the phase interface:
1
Ψinterf ace = cmax k|rc|2
2

(6.5)

where k is interface parameter.
The strain energy density is formulated as:
1
Ψelastic = ij σij
2

(6.6)

The diﬀusion process in LiFePO4 particles is given by,
∂c
= −r · (−M rµ)
∂t

(6.7)

where M is the degenerated mobility and is represented by M = Dc(1 − c); µ is the
chemical potential, which is the variational derivative of the total free energy density
with respect to the local concentration, µ = ∂Ψtotal /∂c.

6.3.3

Boundary conditions, material properties and nondimensionalization

For diﬀusion sub-model, on the particle surface, the reaction rate is described by
Butler-Volmer relationship [158, 160]:
a1−β
Fη
Fη
) − exp((1 − β)
)
js = cs + [ exp(−β
RT
RT
τ0 γ

(6.8)

where cs is the concentration of intercalation sites on the particle surface. τ0 is the
mean time for a single reaction step, which is set to 1 [160]. γ is the chemical activity
coeﬃcient of the active state [161], which is (1 − c/cmax )−1 . β is the symmetric factor
for a forward and backward reaction, which is 0.5. The parameters a+ , a and a−
are the activity of lithium ion in the electrolyte, lithium in the host material and
electrons, respectively. Due to the fast diﬀusion of lithium ion in the electrolyte and
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fast migration of electrons, a+ and a− are set to 1. η is the surface overpotential,
which is deﬁned as the electrostatic potential of the working electrode relative to a
reference electrode. It can be expressed in terms of the electrochemical potentials
as [151],
F η = µLi − µLi+ − µe−

(6.9)

where µLi , µLi+ , µe− are the electrochemical potentials of Li, Li+ and e, respectively,
which are expressed as
µLi = RT lna = µ

(6.10)

µLi+ = RT lna+ + F φe = F φ

(6.11)

µe− = RT lna− + F φ = −F φe

(6.12)

where φe is the electrostatic potential of the electrode and φ denotes that of the
electrolyte. Plug equation 6.10, 6.11 and 6.12 into equation 6.9,
η=

1
1
µ + φe − φ = µ + Δφ
F
F

(6.13)

where Δφ is the voltage drop across the electrode-electrolyte interface. In this study,
potentiostatic discharging condition is applied on particle surface. Given the potential diﬀerence, the particle will take in lithium ions, evolve from lithium-poor phase
towards lithium-rich phase and reaches equilibrium. With the galvanostatic charging
condition, however, the local lithium ion concentration may exceed the maximum
concentration and cause system instability.
For mechanics sub-model, traction-free boundary condition is applied on the particle surface and rigid body motion is suppressed.
According to [162], the two phase coexistence region of Lix FePO4 is in the range
of 0.032 < x < 0.968. The phase separation parameter χ is ﬁtted to be 3.56 to
produce a two phase region 0.035 < x < 0.965. The partial molar volume, Youngs
modulus and Poissons ratio are calculated from [163]. The material properties used
in the model are listed in Table 6.1.
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Table 6.1. Material properties used in the model.
Initial normalized concentration c0

0.03

Maximum concentration cmax (mol/m3 )

21190 [164]

Diﬀusivity D (m2 /s)

7.1 × 10−15 [165]

Young’s modulus E (GP a)

108.1 [163]

Poisson’s ratio ν

0.23 [163]

Partial molar volume Ω (m3 /mol)

2.307 × 10−6 [159]

Interface parameter k (Jm2 /mol)

1 × 10−10 [159]

Phase separation parameter χ

3.56

Voltage drop across interface Δφ (mV )

-25

Characteristic length L (µm)

1

In order to achieve good convergence, the physical quantities mentioned above
need to be nondimensionalized. The normalized Li concentration, space and time
coordinates are given by,
c̃ =

c
cmax

, x̃ =

x
D
, t̃ = 2 t
L
L

(6.14)

where L is the characteristic length. Quantities such as chemical potential, stress,
Youngs modulus and overpotential are normalized as,
µ̃ =

6.4

µ
σ
σ
Fη
, σ̃ =
, E˜ =
, η̃ =
RT cmax
RT
RT
RT cmax

(6.15)

Results and discussion
The mathematical model described in section 3 was implemented in Comsol Mul-

tiphysics PDE module. The simulation time step was set to 0.001 s. The spherical
particles, ellipsoid particles and real-shaped particles of LiFePO4 were simulated, independently. The LiFePO4 particles were potentiostaticaly discharged from initial
lithium-poor phase to equilibrium lithium-rich phase.
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Figure 6.2. Lithium ion concentration and hydrostatic stresses for
diﬀerent SOC. (a) and (d) are concentration distribution and hydrostatic stresses for sphere particle with 1 µm radius; (b) and (e) are
those for ellipsoid particle with 1 µm equivalent radius and 1.414 aspect ratio; (c) and (f) are those for realistic particle with 0.548 µm
equivalent radius.
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To study the diﬀusion process in phase separating electrodes, the lithium concentration and hydrostatic stress proﬁles in spherical, ellipsoid and realistic particles
are shown in Figure 6.2. Here, the state of charge (SOC) is deﬁned as the ratio of
the average local lithium ion concentration to the stoichiometric lithium ion concentration in LiFePO4 particles. For the ellipsoid, the lengths of three semi-axes a, b,
and c satisfy a = b, and the aspect ratio is deﬁned as c/a. For all these three cases,
core-shell structures are obtained, which is in agreement with the experimental observation [166]. During discharge, the Li-rich phase initiates from the outer surface
and propagates to the inner region subsequently. The hydrostatic stresses in Figure
6.2 (d), (e) and (f) are relevant to corresponding lithium ion concentration proﬁles
in Figure 6.2 (a), (b) and (c). It can also be observed that the compressive stresses
build up in shell regions and tensile stresses accumulate in the core areas, though
the particle surfaces are without any mechanical constraints. The diﬀusion process in
particles are strongly inﬂuenced by particle shapes, especially at the initial lithiation
stage. For example, when SOC is 0.25, the concentration distributions are very different. For ellipsoid particles, the Li-rich phase initiates around the equator tip ﬁrst,
and then occurs around the semi-minor axis, which is unlike the homogeneous Li-rich
phase propagation from surface to center in sphere particle. For realistic particles
with rough surfaces, the Li-rich phase occurs at convex area ﬁrst, and then propagates to the rest of the particle. The inhomogeneous concentration distributions will
also aﬀect the stress distribution, as shown in Figure 6.2 (e) and (f). The ellipsoid
particle and realistic particle tend to have higher stresses than sphere one. Thus, it
is very important to study the geometry eﬀect on stress.
To better understand the diﬀusion process and stress generation in sphere particles, the concentration distributions and stresses are plotted in Figure 6.3. During
the discharging, the lithium ions ﬂow from the outer surface into the inner regions.
As shown in Figure 6.3 (a), the phase separation phenomenon can be clearly seen,
and the phase boundary has lithium ion concentration smoothly transitioned. The
Li-rich phase has normalized concentration about 0.965, while the Li-poor phase is
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Figure 6.3. Concentration and stresses along radial axis for sphere
LiFePO4 particle with 1 µm radius.(a) Concentration distributions;
(b) Hydrostatic stresses; (c) First principal stresses.
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about 0.035. The corresponding hydrostatic stresses change smoothly at the phase
boundary regions, as shown in Figure 6.3 (b). The hydrostatic stresses tend to shift
from lower values to higher values as the particle takes in more lithium ions. In order
to evaluate the failure of the particle, the ﬁrst principal stress was introduced. In
Figure 6.3 (c), the development of the ﬁrst principal stress has similar trend as the
hydrostatic stress, shifting from lower values to higher values. The maximum ﬁrst
principle stresses always occurs at the center of the sphere particle. The ﬁrst principal
stresses have values of 0 at the out surface due to lack of mechanical constraints on
out surface.
In order to study the geometry eﬀect on diﬀusion induced stresses, the maximum
principal stress in ellipsoid particles was studied. Here, to better compare the stress
levels in ellipsoid particles with the sphere one, the volumes of the particles were
kept constant while the aspect ratios were varied. It is found that the history of
the maximum ﬁrst principal stress has relationship with the maximum concentration
diﬀerence in the particles. As seen in Figure 6.4, with the discharging, the maximum
concentration diﬀerence will increase. At the meantime, the stress levels also increase.
After the systems reach equilibrium, corresponding to the drop of the concentration
diﬀerence, the stress levels will reduce due to less concentration gradient. From Figure 6.4 (a), particles with higher aspect ratios have higher concentration diﬀerence,
especially at the initial discharging. For example, when SOC is around 0.15, the maximum concentration diﬀerence for particle with aspect ratio 2 is about 0.86, almost
doubles the values of the sphere particle. At the meantime, the corresponding ﬁrst
principal stress in aspect ratio 2 particle is around 26 MPa, which is about 2.4 times
the stress in the spherical one. It can also be concluded that particles with larger
aspect ratios always have higher stress levels than those lower aspect ratios, as shown
in Figure 6.4 (b). The maximum ﬁrst principal stresses with aspect ratios varying
from 1 to 8 are summarized in Figure 6.5. The stress levels increase monotonically
with the aspect ratios, which is in agreement with the observations in Figure 6.4 (b).
The maximum stress in particle with aspect ratio 8 is about 86 MPa, while the sphere
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Figure 6.4. Maximum concentration diﬀerence and ﬁrst principal
stress for ellipsoid particles with diﬀerent aspect ratios during discharging process. The equivalent radius of all three cases is 1 µm.
(a) Maximum concentration diﬀerence; (b) Maximum ﬁrst principal
stress.

particle has the value of 58 MPa, which is about 67% of the aspect ratio 8 case. Hence,
when designing the electrode, the geometry shape of the particle needs to be taken
into account. Especially when taking diﬀusion induced stressed into consideration,
the stress levels in ellipsoid particles may diﬀer greatly than ideal spherical particles.
The stresses in realistic particles were also studied compared with the sphere
particles. The maximum concentration diﬀerence and ﬁrst principal stress for sphere
and realistic particles with equivalent radius 0.402 µm were plotted in Figure 6.6. The
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Figure 6.5. Maximum ﬁrst principal stress in ellipsoid particles with
diﬀerent aspect ratios.

history of maximum concentration diﬀerence and ﬁrst principal stress in Figure 6.6
has similar trend as in Figure 6.4. Like elliptical particles, the concentration diﬀerence
of the realistic particle is much higher than the sphere particle at the initial stage.
Compared Figure 6.4 (a) with Figure 6.6 (a), the concentration diﬀerences of smaller
particles at the initial discharging process are smaller than those large particles. This
is because small particles have shorter diﬀusion lengths, leading to less concentration
diﬀerence. Comparing with maximum ﬁrst principal stresses, small particles tend to
have lower stress. The morphology of the realistic particle is very diﬀerent from the
sphere ones. Such diﬀerence will cause huge diﬀerent in diﬀusion process and stress
accumulation. As shown in Figure 6.7, for realistic LiFePO4 particle, although the
core-shell structure will be formed, the concentration distributions are very diﬀerent
than the sphere particle (see Figure 6.2 (a)). Besides, the maximum stress of the
realist particle may not necessary occurs at the center. To quantify the stress levels
of the realistic particles, the maximum ﬁrst principal stresses of sphere and realistic
particles with diﬀerent particle sizes were plotted in Figure 6.8. For sphere particles,
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the stress levels increase with the particle size, which is in good agreement with Zhaos
results [83]. In Zhao’s work, the stresses inside the sphere particles also has the trend
to increase with the particle size. The maximum stress in 1.5 µm sphere particle is
62 MPa and is about 1.3 times higher than particle with radius 0.25 µm , which is
49 MPa. For realistic particles with equivalent radius of 0.402 µm and 0.548 µm,
the stresses are about 68 MPa and 75 MPa, independently, which are approximately
1.3 and 1.4 times of the sphere particles with the same equivalent radius. The above
observations match Lims calculations [107].

Figure 6.6. Maximum concentration diﬀerence and ﬁrst principal
stress for sphere and realistic particles during discharging process.
The equivalent radius for both cases are 0.402 µu. (a) Maximum
concentration diﬀerence; (b) Maximum ﬁrst principal stress.
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Figure 6.7. Lithium ion concentration and hydrostatic stresses for
diﬀerent SOC for realistic LiFePO4 particle with 0.402 µm equivalent
radius. (a) Concentration distributions; (b) First principal stresses.

Figure 6.8. Maximum ﬁrst principal stresses of sphere and realistic particles.
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6.5

Conclusion
In this chapter, the phase separation and diﬀusion induced stresses in LiFePO4

particles under potentiostatic discharging process have been simulated using phase
ﬁeld method. The conclusions are summarized as follows:
1. The diﬀusion process in particles are strongly inﬂuenced by particle shapes,
especially at the initial lithiation stage. During the discharge, the compressive
stresses build up in shell regions and tensile stresses accumulate in the core
areas.
2. The hydrostatic stress has strong relationship with lithium ion concentration.
The hydrostatic stresses and ﬁrst principal stresses tend to shift from lower
values to higher values as the particle takes in more lithium ions.
3. The diﬀusion induced stresses are relevant to maximum concentration diﬀerence.
High concentration diﬀerence will cause high stresses.
4. The stress levels increase with the aspect ratios in ellipsoid particles. The
maximum stress in particle with aspect ratio 8 is about 86 MPa, while the
sphere particle with the same volume has the value of 58 MPa, which is about
67% of the aspect ratio 8 case.
5. Stresses in realistic particles are higher. For realistic particles with equivalent
radius of 0.402 µm and 0.548 µm, the stresses are about 68 MPa and 75 MPa,
independently, which are approximately 1.3 and 1.4 times of the sphere particles
with the same equivalent radius.
6. Larger sphere particles experience higher stresses. The maximum stress in 1.5
µm sphere particle is 62 M P a and is about 1.3 times higher than particle with
radius 0.25 µm.
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7. NEUTRON IMAGING OF LITHIUM CONCENTRATION IN NMC
ELECTRODE
7.1

Introduction
Lithium ion batteries have excellent performance of combined high energy and

power density, making it desirable energy storage devices for portable electronics,
power tools, and electric vehicles [2,4]. During the operation of lithium ion batteries,
lithium ions insert or extract into and from the host materials. Hence, the amount
of lithium ions in the host material is a good indicator for evaluating the available
energy stored.
In order to understand the lithium concentration evolution during the battery operations, physics based models including electrochemical reactions and mass transport
have been developed [109, 145, 167, 168]. These models can all beneﬁted by measurement of lithium concentration for model validation. However, direct and nondestructive measurement of lithium concentration evolution is very limited [6, 169].
Recently, neutron imaging technique was successfully used to observe the lithium
growth in carbon [170]. In neutron imaging, the transmission of neutrons are captured
by a scintillator and recorded as a gray scale radiograph. The imaging contrast comes
from the diﬀerences in attenuation coeﬃcients of the elements. The interactions of
neutrons with elements can be described by the Beer-Lambert law [171],
I = I0 e−

P

µi xi

(7.1)

where I and I0 are the transmitted and incident neutron beam intensity. µ is the
total attenuation coeﬃcient of element i. x is the eﬀective thickness of the element.
The attenuation coeﬃcient µ is described by
µ = σtot,i NA ci

(7.2)
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where σtot,i is total neutron cross section and c is concentration. The advantage of
neutron imaging over other X-ray computational tomography is that the neutron primarily interacts with a material via the nucleus while X-ray interacts with electrons.
This interaction is particularly strong for hydrogen and lithium, while being much
weaker for many metallic elements. For NMC electrode, the total cross section of Li is
a magnitude higher than Ni, Mn and Co according to the NIST (National Institute of
Standard and Technology) database [172]. This leads huge transmission diﬀerence of
Li with respect to Ni, Mn and Co, and making measurement of lithium concentration
possible.
In this chapter, the lithium concentration of NMC electrode will be studied by
neutron imaging technique. The chapter will be organized as follows: In Section 7.2,
the experimental details are given. In section 7.3, the lithium concentration of the
NMC electrode is studied and compared with the model. Conclusions are given in
section 7.4.

7.2

Experimental

7.2.1

NMC Sample preparation

The commercial cells used in this study is LG 18650 cells (LGDBHE41865). The
cathode is LiNi0.33 Mn0.33 Co0.33 O2 (NMC), and the anode is mesocarbon microbeads
(MCMB) graphite. The normal operating potential is between 2.0 V (0% state of
charge) and 4.2 V (100% state of charge). The nominal capacity is 2500 mAh.
Samples with four diﬀerent state of charge were prepared for neutron imaging, they
are 70%SOC, 100%SOC, 105 %SOC and 110% SOC.
Over-charge tests were carried out using the BT-2000 32- channel cycler (Arbin
Instruments, TX). Galvanostatic tests were performed on the LG 18650 NMC cells
with a nominal 2500 mAh capacity. The cells were charged to 4.20 V at 1 C rate
(constant current of 2.50 A) ﬁrst; then, the charging was continued at a constant
voltage of 4.20 V until the current was < 0.02 A, which is regarded as a 100% state of
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charge. The over-charge test conditions were carried out at 1 C rate (constant current,
2.50A) and based on the Coulombs charged into the cell; namely, the discharge step
was terminated when the cells reach 105% SOC (63 min., 2550 mAh) and 110% SOC
(66 min., 2750 mAh).
The cells were carefully disassembled in the argon ﬁlled glove box after charging
the cells. The cathodes were cut oﬀ from the disassembled cells for neutron imaging.

Figure 7.1. Schematic of CG-1D neutron imaging set up [173].

7.2.2

Neutron imaging

Neutron imaging was performed at the CG-1D beamline at the High Flux Isotope
Reactor (HFIR), Oak Ridge National Laboratory. The schematic of neutron imaging
set up is shown in Figure 7.1. The neutrons are generated by ﬁssion reaction in
the 85 MW reactor core. The thermal neutrons scatter from the beryllium reﬂector
and reach a supercritical hydrogen moderator held at a temperature of 17 K. This
provides a source of cold neutrons with increased ﬂux and with wavelengths between
4 and 12 Å. The neutrons are collimated using a series of beam scrapers. A 50
µm 6LiF/ZnS scintillator converts the transmitted neutron into light that is recorded
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by a charge-coupled device (CCD) camera. A gray scale 2D-projection, based on
neutron transmission intensity, is saved as the raw data. The sample is mounted on
a rotation stage that rotates through 180◦ to collect over a thousand of radiographs.
In this work, each projection was taken in rotation steps of 0.1◦ with 60 s exposure
time. For post-processing, the projected images were reconstructed by ﬁltered-backprojection (FBP) method using Octopus.

7.3

Results and discussion
The gray scale images of NMC samples are shown in Figure 7.3. It can be observed

that with the increase of SOC, the neutron images of the NMC electrode become
lighter. This is because lithium ions are extracted from the NMC cathode during the
charge process. When lithium concentration is low, more neutrons will be transmitted.
The experimental lithium ion concentration under diﬀerent charge conditions were
obtained by averaging the neutron transmission intensity at diﬀerent locations. Then
the transmission intensity was converted to lithium ion concentration according to the
Beer-Lambert law (see equation 7.2 and 7.3). The obtained lithium ion concentrations
are shown in Figure 7.3.
In order to compare the experimental results, a 1D diﬀusion model was used. At
any time, the mass transport of lithium ions should follow Fick’s second law, which
is given by,
∂c(x, t)
∂ 2 c(x, t)
=D
∂t
∂x2

(7.3)

where c is lithium ion concentration, x is the coordinate along electrode thickness
and D is diﬀusion coeﬃcient. The initial and boundary conditions are:
1. Initial lithium ion concentration is constant throughout the thickness of the
NMC electrode.
2. Zero lithium ions ﬂux at the electrode-current collector interface.
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Figure 7.2. Gray scale images of NMC samples. (a) SOC=70%, (b)
SOC=100%, (c) SOC=105%, (d) SOC=110%,.

3. Constant lithium ions ﬂux at the electrode-electrolyte interface.
The above conditions are given by,
c(x, t = 0) = c0
∂c(x = 0, t)
=0
∂x
∂c(x = L, t)
I
−D
=
∂x
FA
−D

(7.4)
(7.5)
(7.6)

where c0 is the initial lithium concentration, I is applied current, F is Faraday constant, A is surface area and L is the thickness of the NMC electrode. In the model,
the initial lithium concentration was chosen as 48990 mol/m3 [174]. The diﬀusion
coeﬃcient of lithium was 7.6 × 10−13 m2 /s [127]. The thickness of the NMC electrode
was estimated around 250 µm. The simulated lithium ion concentration at diﬀerent
SOC were averaged for comparison.
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As shown in Figure 7.3, experimental lithium ion concentrations are compared
with the simulation results. A strong linear correlation exists between the lithium concentration and the SOC: Lithium concentration (mol/m3 ) = -38370 SOC + 48061.
It can be seen that the simulation data are consistent with the experimental measurements. The diﬀerence may be caused by the assumption of the constant diﬀusion
coeﬃcient and simpliﬁed reaction kinetics.

Figure 7.3. Comparison of lithium concentration and experimental results.

7.4

Conclusions

1. In this work, neutron imaging technique was successfully applied to study the
lithium ion concentration inside an NMC electrode with diﬀerent state of charge.
It demonstrates that neutron imaging technique can be a very powerful tool to
study the lithium concentrations in lithium ion batteries.
2. The lithium ion concentrations obtained by experimental measurements are
consistent with the 1D diﬀusion model. Both the experiment and the model

109
show a strong linear correlation between the lithium concentration and the SOC:
Lithium concentration (mol/m3 ) = -38370 SOC + 48061.
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8. CONCLUSIONS AND FUTURE WORK
8.1

Conclusions
In this thesis, a multi-scale microstructure model has been developed for lithium

ion battery. This model couples the electrochemical kinetics, species transport, and
stress evolutions. The model can be used for the design optimization of electrode
and the battery performance of the cell. The major conclusions are summarized as
follows:
1. First Principles method is an eﬀective technique to investigate the intrinsic
properties of materials. The elastic properties under various Li concentrations
are computed, and the results are conﬁrmed by simulated ab initio tensile tests.
The Young’s modulus and ultimate strength of Lix CoO2 are calculated. The
observed Li concentration dependent mechanical properties and anisotropy are
due to the changes of the Co-O bond strength during Li intercalation. The
Youngs modulus and ultimate strength of Lix CoO2 have a linear relationship
with both the Li concentration and the charge transfer. The obtained concentration dependent expressions can be used as input to the continuum model.
2. The diﬀusion and mechanics behaviors in polycrystalline microstructures with
varying grain size, grain boundaries and crystallographic orientations are studied using phase ﬁeld method.The chemical diﬀusion coeﬃcient is about in the
range of 9.5×10−10 cm2 /s to 3×10−9 cm2 /s for β = 0.01, and 1.85×10−9 cm2 /s
to 3.6 × 10−9 cm2 /s for β = 1. The chemical diﬀusion coeﬃcients increase with
increasing grain orientation angle, due to alignment of global Li ion diﬀusion
path with high grain orientations. The chemical diﬀusion coeﬃcients decrease
with the decrease of the grain boundary diﬀusivity, due to blocking behavior
of grain boundaries. For small grain boundary diﬀusivity, the stress increases
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with increasing grain orientation angle, due to grain boundary blockage of Li ion
diﬀusion. In contrast, for large grain boundary diﬀusivity, the stress decreases
with increasing grain orientation angle due to reduced concentration gradients
in grain boundary regions. Stresses increase with the increase of grain size, due
to more accumulation of Li ion near the grain boundary regions in larger grain
size systems.
3. The diﬀusion induced stress of LiCoO2 half cell with a realistic 3D microstructure reconstructed from FIB-SEM is studied using ﬁnite element method. By
simulating discharge curves, it is found that the potential drops signiﬁcantly
with the increase of C rates. The lithium ion concentration distribution under high discharging rates shows strong inhomogeneity. At high C rates, the
small LiCoO2 particles near the separator have higher lithium ion concentration
because of the shorter lithium migration and diﬀusion paths. The maximum
stress under diﬀerent C rates increases at the initial stage and then decreases.
The maximum stress at 5 C is 153 M P a, which is about 50% larger than the
1 C case and 120% larger than the 0.5 C case. The maximum stress is more
likely to occur at concave regions rather than convex regions. The study shows
the maximum tensile stresses in the concave region can be 32% larger than the
convex region.
4. The inﬂuence of phase transitions of overdischarged NMC on stress is studied
based on the realisitc NMC electrode reconstructed from nano-CT. The polarization is studied to explain the signiﬁcant voltage drop at high C rate. It is
obtained that the activation overpotential is the major contribution to the total
polarization, and it is about 4-5 times larger than the concentration polarization. Stresses inside the particles increase dramatically when considering phase
transitions. Compared to the shear stress, the hydrostatic stress is a dominant
factor contributing the increase of the total stress during phase transitions.
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5. The developed electro-chemo-mechanics model is extended the study the phase
separating electrode. The stress levels increase with the aspect ratios in ellipsoid
particles. The maximum stress in particle with aspect ratio 8 is about 86 M P a,
while the sphere particle with the same volume has the value of 58 M P a,
which is about 67% of the aspect ratio 8 case. Stresses in realistic particles
are higher. For realistic particles with equivalent radius of 0.402 µm and 0.548
µm, the stresses are about 68 M P a and 75 M P a, independently, which are
approximately 1.3 and 1.4 times of the sphere particles with the same equivalent
radius. Larger sphere particles experience higher stresses. The maximum stress
in 1.5 µm sphere particle is 62 M P a and is about 1.3 times higher than particle
with radius 0.25 µm.
6. Neutron imaging technique was successfully applied to study the lithium ion
concentration inside NMC electrode with diﬀerent state of charge. The lithium
ion concentrations obtained by experimental measurements are consistent with
the 1D diﬀusion model. Neutron imaging technique can be a very powerful tool
to study the lithium concentrations in lithium ion batteries.

8.2

Contributions
The major contributions of the thesis are summarized as follows:

1. A multi-scale multi-physics microstructure based model was developed to evaluate the electro-chemo-mechanics in lithium ion batteries. The model can provide
a computational tool for battery materials design.
2. In this work, the lithium ion concentration dependent mechanical properties of
Lix CoO2 was calculated by ﬁrst principles tensile tests for the ﬁrst time. The
results can serve as reliable input for the developed model.
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3. In this work, the inﬂuence of grain size, grain orientations and grain boundaries
on diﬀusion and stress was systematically studied. Previous studies are very
limited.
4. The developed model was applied to study the diﬀusion induced stress in realistic microstructures reconstructed from FIB-SEM and CT. Compared with
single particle models and Newman’s model, the microstructure based model
can reveal the eﬀect of inhomogeneous microstructure on overall performance
of lithium ion battery.
5. The model was extended to study the phase separation and stress generation.
Th extended model can track the phase boundary implicitly and can be used
in complex geometries, while traditional method can only be used in simple
geometries.

8.3

Future works
Lithium ion battery is an emerging ﬁled that is full of challenges and opportunities.

A comprehensive understanding of the chemical and mechanical processes is necessary
for development of future high-density batteries. Beyond the work in this thesis, the
following aspects remain interesting to explore in future work.
1. Fracture caused by cyclic lithiation is a signiﬁcant failure mechanism of electrodes in commercial lithium ion batteries. However, very little work attempts
to study the fracture behavior of electrodes so far. It is possible to extend
the current developed model to include crack initiation and propagation inside
lithium ion battery, thus providing a tool to improve the capacity.
2. Besides current electrodes explored, it will be interesting to study other high
capacity materials such as Si, Ge and Sn. These materials exibits large volume
expansions up to 400%. In these cases, small deformation assumptions are not
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valid. The developed model can be extended to describe large deformation in
these materials.
3. The thermal management of commercialized lithium ion cell has been one of
the design criteria in industries. The design of the thermal management system
strongly relies on the prediction of heat generation and temperature variance.
Current model can be further developed to consider the temperature inﬂuence
on the electrochemical reactions, mass transport and stress evolutions under
various cycling conditions.
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